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The  proceedings  of  this  conference  provide 
an  authoritative  introduction  to  the  rapidly 
widening  scope  of  microbalance  methods 
which  is  not  available  elsewhere  in  a  single 
publication. 

The  usefulness  of  microbalance  techniques  in 
the  study  of  the  properties  of  materials  lies 
in  their  extreme  sensitivity  and  versatility. 
This  renders  them  particularly  important  in 
studies  of  properties  of  condensed  systems. 
In  addition  to  the  historical  use  of  microbal¬ 
ance  techniques  as  a  tool  of  microchemistry, 
they  have,  in  recent  years,  found  extensive  ap¬ 
plication  in  the  fields  of  metallurgy,  physics, 
and  chemistry.  The  uniqueness  of  the  method 
results  from  the  facility  it  provides  in  making 
a  series  of  precise  measurements  of  high  sen¬ 
sitivity  under  carefully  controlled  conditions 
over  a  wide  range  of  temperature  and 
pressure. 


This  significant  new  volume  contains  papers 
in  three  major  categories.  The  first  group  of 
reports  deals  with  the  general  structural 
features  and  measuring  capabilities  of  micro¬ 
balances.  In  the  second  group,  a  sophisti¬ 
cated  consideration  and  much  needed  evalua¬ 
tion  of  sources  of  spurious  mass  changes 
associated  with  microbalances  is  presented. 
The  third  group  describes  some  of  the  most 
recent  extensions  in  microbalance  work  to 
new  research  areas  such  as  semiconductors, 
ultra-high  vacuum,  and  high  temperatures. 
These  papers  provide  an  interesting  account 
of  advances  in  the  application  of  the  micro- 
gravimetric  method  to  three  new  and  impor¬ 
tant  fields  of  research  on  the  behavior  of 
materials. 
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ELECTRON  DIFFRACTION  STUDY  OF  THE  MOLECULAR  STRUCTURE 
OF  ScF,  IN  THE  VAPOR  STATE  AND  ESTIMATION  OF  SCANDIUM- 
HALOGEN  INTERATOMIC  DISTANCES  IN  ScCl,,  ScBr,,  AND  Scl, 
MOLECULES 


P.  A.  Akishin  and  V.  A.  Naumov 
M.  V,  Lomonosov  Moscow  State  University 

Translated  from  Zhumal  Strukturnoi  Khimii,  Vol.  2,  No,  1,  pp,  3-6, 

January-February  1961 

Original  article  submitted  March  17, 1960 


The  distance  Sc-F>1.91  *  0.03  A  in  the  plane  trigonal  ScF|  molecule  was  determined  by  tiie  sec¬ 
tor  photometric  method.  Interatomic  distances  in  molecules  of  other  scandium  halides  were  esti¬ 
mated  by  comparison  of  this  value  with  data  for  halides  of  other  trivalent  elements. 

In  communications  (1-4]  concerned  with  electron  diffraction  studies  of  the  molecular  structure  of  die  hal¬ 
ides  of  gallium,  yttrium,  lanthanum,  and  neodymium  in  the  vapor  state  it  was  shown  diat  all  molecules  cf  the 
MeXs  type  have  plane  symmetrical  configuration.  In  the  present  investigation  data  were  obtained,  not  previously 
reported  in  the  literature,  on  the  configuration  and  geometrical  parameters  of  the  scandium  fluoride  (ScFj)  mol¬ 
ecule  and  Sc-X  interatomic  distances  (where  X^Cl,  Br.  I)  were  estimated  for  SCX3  molecules  of  other  scandium 
halides  not  studied  previously. 


Fig.  1.  Experimental  and  theoretical  Fig.  2.  Radial  distribudon  curve  for  theScF| 

electron  scattering  intensity  curves  for  molecule, 

the  ScF|  molecule. 


The  investigadon  was  carried  out  with  die  MG  U  electron -diffraction  camera  for  investigation  of  the  struc¬ 
ture  of  gaseous  molecules  of  compounds  of  low  volatility  [5]  by  the  sector  photometric  technique.  Ten  series  of 
electron  diffraction  patterns  were  obtained  from  scandium  fluoride  vapor  with  the  use  of  die  s*  and  s*  sectors  at 
accelerating  voltages  of  60  and  80  kv.  The  experimental  photometric  electron  scattering  intensity  curve  (Fig.  1) 
was  interpreted  by  two  methods:  widi  die  aid  of  a  radial  distribution  curve  and  by  selection  of  dieoietical  curves 
(trial  and  error);  the  methods  are  described  in  detail  in  earlier  communications  [6,  7]. 

The  radial  distribution  curve  rD(r)  (Fig.  2)  has  two  peaks,  at  1.92  and  3.30  A,  which  may  be  regarded  as 
structural.  The  presence  of  two  peaks  on  the  rD(r)  curve  indicates  that  scandium  fluoride  vapor  consists  of  mono¬ 
metric  SCF3  molecules.  In  this  case  it  is  natural  to  assign  the  first  peak  to  the  Sc-F  interatomic  distance,  and 
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the  second  to  the  F,..F  distance;  the  positions  of  the  peaks  on  t!ie  rD(r)  curves  tiien  correspond  to  a  plane  trian¬ 
gular  structure  of  the  ScFs  molecule. 

We  used  tlic  effective  root  mean  square  atomic  vibration  amplitudes  Zso-F“  0.086  and  fF...F“0»^'^  A* 
found  from  tfie  radial  distribution  curve  for  calculating  the  theoretical  electron  scattering  intensity  curve  for  the 
plane  SCF3  model,  which  gave  quite  satisfactory  agreement  with  the  experimental  curve  (Fig.  1,  Table  1). 

Tlius,  the  results  of  the  investigation  established  the  plane  symmetrical  structure  of  the  ScFj  molecule  In 
vapor  form,  witli  tlie  parameters  r(Sc  -  F)  =  1.91  *  0.03  A,  A  F  -  Sc  —  F  =  120*. 


Fig.  3.  Linear  variation  of  Me-X 
interatomic  distances  in  MeXj 
molecules  of  the  same  type. 


Knowledge  of  the  experimental  value  of  the  Sc-F  interatomic  dis¬ 
tance  makes  it  possible  to  estimate  scandium- halogen  distances  in  mono¬ 
meric  SCCI3,  ScBr3,  and  SCI3  molecules,  not  studied  previously.*  These  es¬ 
timates  may  be  performed  in  two  ways.  First,  using  tlie  values  of  r(Sc-F) 
and  of  tlie  covalent  radius  of  tlie  fluOTine  atom,  and  also  the  electronegativ¬ 
ities  of  the  Sc  and  F  atoms,  we  calculate  the  covalent  radius  of  scandium 
from  Schomaker  and  Stevenson's  empirical  equation  [8]; 

f/\)j  I  j  ,  .  . 

where  d^p  is  the  interatomic  distance,  r^^  and  rg  are  the  covalent  radii  of 
A  and  B  atoms,  and  x;^  and  Xg  arc  tiicir  electronegativities.  We  then  use 
the  value  found,  rsc  =  A,  and  tabulated  data  for  tiie  other  quantities 
to  find  the  Sc-X  distances  in  SCX3  cnolecules  from  Eq.  (1). 

Tlie  second  method  for  estimating  die  interatomic  distances  is  based 
on  comparison  of  the  molecular  parameters  in  the  similar  molecules  BX3, 
YX3,  LaX3,  and  NdXs.  If  we  take  metal-halogen  distances  in  molecules  of 
the  halides  of  any  one  element  (for  example,  neodymium)  as  the  abscissas 
and  Me-X  distances  in  molecules  of  halides  of  odier  elements  (boron,  yt¬ 
trium,  and  lantlianum)  as  die  ordinates,  we  obtain  a  group  of  approximately 
parallel  straight  lines  (Fig.  3).  Evidently,  if  r(Sc— F)  is  known  it  Is  easy  to 
estimate  by  grapliical  extrapolation  the  interatomic  Sc— X  distances  in  the 
chlOTide,  bromide,  and  iodide  molecules  (Fig.  3).  On  the  other  hand,  the 
linear  (additive)  variation  of  interatomic  distances  in  series  of  similar  com¬ 
pounds  (see  [6,  9-12]  for  fuller  details)  can  be  represented  by  a  system  of 
equations  of  the  form 


.’•(iMOi  ^/  )  —  /‘(Mc.j  —  ~ 

and 

/•(MO/  -  Xj)  -  /•(MOj  - X,,)  < 

where  the  subscripts^  and  j(i  ^  j)  correspond  to  different  pairs  elements,  and  the  differences  and 

Arxj.Xj*  corresponding  to  the  chosen  pairs  of  elements  (Mej.  Mcj)  or  (Xj.  X^^  are  virtually  constant  (for  example, 
see  Table  2). 

For  example,  for  estimating  die  interatomic  distances  in  question,  we  have  eq.  (2a)  and  the  data  in  Table 

r(Sc-CI)  =  r(Sc-F)-|-Ara.F  =  1,01  !- 0,40  =  2,31  A, 

;(Sc  -r.r)  =  r(Sc  -  F)  -|-  Anv. f  =  1 .01  !  0,55  =-2,/iGA, 

_  r(Sc  -  1 )  =  r(Sc  -  F)  Arj.F  =1,01+  0,75  =  2,00  A. 

•The  literature  contains  no  data  on  the  presence  of  dimeric  molecules  in  vapors  (rf  scandium  halides.  If  their 
existence  should  be  proved,  the  interatomic  Sc— X  distances  given  below  must  be  assigned  to  external  bonds  of 
the  'Tiridge*  type  [4]. 


(2) 

(2a) 
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TABLE  1.  ScF,  molecule;  r^j^go^  (Sc-F)  =  1.91  A;  i-F-Sc-F  = 
=  120*  _ 


Maxi¬ 

mum 

Mini¬ 

mum 

1  (») 

*theor 

*expt 

HheorAexpt 

^expt*  A 

1 

-1  10,0 

4,11 

4,02 

1,022 

1,95 

«> 

—  0,2 

5,. 55 

5,70 

0,074 

l,8fi 

2 

-1-  3,6 

7,45 

7,30 

1 ,020 

1,95 

3 

—  3,2 

8,08 

0,02 

0,000 

1,90 

3 

-u  2,0 

10,. 56 

10,63 

0,094 

1,00 

4 

—  1,5 

i2,:v» 

12,30 

0,008 

1,91 

/, 

f-  1.4 

i3,00 

14,12 

0,084 

1,88 

Mean  value 

Av.  deviation 

0,008 

±0,013 

1,91 

±0,03 

TABLE  2 .  Additivity  of  Interatomic  Distances  ( A)  in  MeX3 
Molecules  [Equation  (2a)]  from  Experimental  Data  [1-4,  13] 


Molecule 

r  (Me  —  F) 

r  (Me -Cl) 

r  (Me  -  Br) 

r  (Me  -I  ) 

G 

b. 

1.I 

n 

1. 

<3 

b. 

vf-* 

<1 

11X3* 

1,30 

1,73 

1,87 

0,43 

0,.57 

YXs 

2,04 

2,47 

2,63 

2,80 

0,43 

0,.59 

0,76 

l.aXj 

2,22 

2,60 

2,75 

2,08 

0,38 

0,53 

0,76 

NdXa 

2,22 

2,58 

2,72 

2,94 

0,36 

0,50 

0,72 

Mean  value 

0,40± 

0,55± 

0,75± 

±0,03 

±0.03 

±0.02 

•Experimental  data  [13]. 


Thus,  estimates  cS  the  Sc-X  interatomic  distances  in  SCCI3,  ScBr3.  and  SCI3  molecules,  performed  as  de¬ 
scribed  above,  give  the  following  average  values; 

r(Sc  —  Cl)  =  2,32  A;  r(Sc  —  lir)  =  2,47A;  r(Sc  —  1 )  =  2,68  A. 
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The  electron  absorption  spectra  of  single  crystals  of  Co(C104>j  •  6HjO,  CoCl^  •  6HjO,  CoCl|-  2H2P, 
Cs2CoCi4,  CoClj,  CoBr2,  and  CsjCoBr^  and  absorption  spectra  of  dilute  aqueous  solutions  of  Co(II) 
salts  were  investigated  in  the  240-1400  mp  region  with  natural  and  polarized  radiation.  The  spec¬ 
tral  measurements  were  taken  as  far  as  measurements  of  the  absorption  coefficients.  It  is  shown 
that  changes  in  the  chemical  nature  and  the  spatial  arrangement  of  tiie  particles  constituting  the 
nearest  environment  of  the  Co*^  ion  lead  to  well-defined  chaiiges  in  the  absorption  spectrum  of 
the  Co*  cation.  The  pleochroism  of  all  tire  crystals  studied  reduces  to  "absorption:”  changes  in 
the  crystal  orientation  with  respect  to  the  vector  E  of  die  polarized  ray  only  change  die  value  of 
the  absorption  coefficient  but  do  not  alter  the  frequencies  conrresponding  to  the  maxima  of  the  ab¬ 
sorption  bands. 

The  electron  absorption  spectrum  of  Co*^  ions  in  dilute  aqueous  solutions  of  Co(n)  salts  is 
virtually  identical  with  the  absorption  spectrum  of  the  Co(C104)2  *  6H2O  crystal.  The  absorbing 
centers  in  the  latter  are  [CofHsO)^]**^  ions  of  octahedral  structure.  The  following  conclusion  is 
drawn:  the  nearest  environment  of  the  Co*^  ion  in  dilute  aqueous  solutions  consists  of  six  water 
molecules  situated  at  the  corners  of  a  regular  octahedron. 

Despite  the  large  number  of  publications  concerned  with  the  coordination  numbers  of  ionic  hydration  [1 
to  7],  the  problem  cannot  be  regarded  as  finally  solved.  In  our  opinion  considerable  progress  can  be  made  in  diis 
field  by  studies  of  the  electron  spectra  of  ions  in  aqueous  soluticxis.  There  have  been  few  such  investigations  as 
yet  [8-11]. 

In  the  present  communication  an  attempt  is  made  to  elucidate  die  spatial  configuration  and  number  of  wa¬ 
ter  molecules  constituting  the  nearest  environment  of  the  Co*^  ion  in  dilute  aqueous  solutions  of  cobalt  salts. 

The  structure  of  the  hydration  shell  of  the  Co*^  ion  in  dilute  aqueous  solutions  may  be  established  if  it  can 
be  experimentally  proved  that  1)  a  change  in  the  coordination  number  of  this  ion  leads  to  significant  changes  in 
its  electron  specnum;  2)  changes  in  the  chemical  nature  of  substituents  within  the  sphere,  with  the  coordination 
number  of  the  Co*^  ion  unchanged,  also  alter  the  spectrum  of  the  ion.  It  is  also  necessary  to  choose  a  complex 
compound  of  the  Co*^  which  has  an  electron  spectrum  analogous  to  die  spectrum  of  the  Co**^  ion  in  dilute  aque¬ 
ous  solutions. 

Investigations  canied  out  by  Katzin  [12],  Holmes  [13],  and  Grum-Grzhimailo  and  Plyusnina  [14]  suggest 
that  the  problem  may  be  solved  by  comparison  of  die  electron  absorption  spectrum  of  Co*^  ions  in  aqueous  sol¬ 
ution  with  the  spectra  of  various  complex  ions  contained  in  crystal  lattices  of  Co*^  salts  and  their  crystal  hydrates. 
Numerous  literature  data  show  that  die  elecoron  absorption  spectrum  of  dilute  salt  solutions  always  consists  of  two 
bands.  The  maxima  of  the  absorption  bands  are  at  512  mp  and  1240  mp. 
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Pig.  1.  Absorption  curves  of  Co*^  ions  in  aqueous  solutions  and  in  salt  crystals:  1)  Aqueous 
solutions  of  CoClj,  C0SO4,  Co(C104)j,  Co(N08)j;  ED  Co(C104)j  •  BHjO  crystal;  IIR  C0SO4. 
•7HjO  crystal;  IV)  CoCl|  •  6HjO; crystal;  V)  CoClf  •  2HjO  crystal;  VI)  crystals  of  CoClf 
(curve  1,  crystal  thickness  0.02  mm)  and  CoBr^  (curve  2,  crystal  diickness  0.03  mm),  ordi¬ 
nates— optical  density  D;  VII)  crystals  of  Cs^oCl4  (curve  1)  and  CssCoBr^  (curve  2). 
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Our  measurements  of  the  optical  density  of  aqueous  CoClf,  Co(C104)j,  C0SO4,  Co(NOj)j  solutions  in  the 
230-1350  wfi  range  show  that  the  positions  of  these  two  maxima  and  the  absorption  coefficients  do  not  depend 
either  on  the  chemical  nature  of  the  anion  (Fig.  1)  or  on  the  solution  concentration  if  it  does  not  exceed  a  certain 
value.  In  fairly  concentrated  CoClj  and  Co(N03)2  solutions,  at  concentrations  above  2M  for  the  first  salt  and 
2.5  M  for  the  second,  the  absorption  bands  are  shifted,  probably  because  of  the  entry  of  anions  into  tfie  inner  co¬ 
ordination  sphere  of  tlie  Co*^  ions.  This  fact  suggests  that  the  512  mp  and  1240  mp  absorption  bands  belong  to 
Co***  ions,  the  nearest  environment  of  which  consists  of  water  molecules  only. 

With  the  aid  of  x-ray  structure  data  on  Co{II)  salts  and  their  crystal  hydrates  it  is  possible  to  select  a  num¬ 
ber  of  Co(II)  complexes  the  spectra  of  which  should  be  compared  with  the  electron  absorption  spectrum  of  the 
ion  in  aqueous  solution. 

The  structures  of  tfiese  complexes  are  shown  in  Fig.  2. 

Ions  of  type  (a)  enter  tiie  crystal  structure  of  00(0104)2  *  6H2O  [15]  and,  according  to  our  preliminary  x-ray 
data,  also  form  the  structure  of  O0SO4  •  7H20. 

H2O  CL 


a  b  c  d  e 


Fig.  2.  Nearest  environment  of  the  Oo*'’  ion  in  crystals  of: 
a)  00(0104)2  •  6H2O  and  O0SO4  •  7H2O;  b)  OoOl,  •  6H2O, 
c)  O0OI2  •  2H2O;  d)  O0OI2;  e)  CS2C0CI4. 


Type  (b)  complexes  form  the  crystal  structure  of  O0OI2  *  6H2O  [16].  In  these  complex  compounds  two  01 
ions  and  two  H2O  molecules  compete  for  a  place  near  the  Oo*^  ion  and  occupy  almost  equivalent  positions. 

Ions  of  type  (c)  and  (d)  join  into  multinucleate  complexes  and  form  the  "thread"  crystal  structure  of  O0OI2  • 

•  2H2O  [17]  and  die  layer  structure  of  C0CI2  [18], 

Type  (e)  ions  for  the  crystal  structure  of  CS2C0CI4  [19]. 

(Xir  x-ray  structure  analysis  of  CoBr2  and  CssCoBts  suggests  that  the  structure  of  CoBr2  is  analogous  to  the 
structure  of  C0CI2;  the  nearest  environment  of  the  Co*^  ions  in  the  Cs2CoBr5  crystal  consists  four  Cl“  ions  in 
the  form  of  a  tetrahedron. 

Large  single  crystals  (from  5  to  30  g  in  weight)  of  Co(C104)2  •  6H2O,  C0SO4  •  7H2O,  CoClf  •  BHfO  were 
grown  from  solutions  of  the  corresponding  salts  by  the  planetary  rotation  method  [20].  Single  crystals  of  CoClf  * 

•  2H2P,  in  the  form  of  inclined  four-sided  prisms,  were  grown  by  die  static  method  from  saturated  aqueous  solu¬ 
tion  at  63".  The  largest  CoClf  •  2HfO  crystals  were  10  X  10  x  40  mm.  The  same  method  was  used  for  growing 
CS2C0CI4  and  CsgCoBr5  crystals  at  20*. 

The  densities  of  Co(C104)2  •  6HfCX2.17  g/cc),  CoClf  •  2HfO(2.20  g/cc),CSfCoCl4(3.25  g/cc),  and  Cs^oBrf 
(4.03  g/cc),  not  given  in  the  reference  literature,  were  determined  by  the  pycnometer  method. 

Plates  cut  from  single  crystals  were  used  for  investigation  of  the  absorption  spectra  of  the  above-named  com* 
pounds.  The  plates  were  ground  with  a  mixture  of  emery  and  petrolatum,  and  polished  with  a  mixture  of  petro¬ 
latum  and  rouge.  The  plate  thickness  varied  from  0.01  to  0.7  mm. 

We  did  not  succeed  in  obtaining  single  crystals  of  CoClf  and  CoBtf.  The  absorption  spectra  of  small  CoClf 
and  CoBrf  crystals  were  therefore  measured  with  a  microspectrophotometer  kindly  provided  by  M.  V.  Sevast'yanova. 

The  optical  densities  of  the  remaining  specimens  were  measured  in  the  230-1400  mp  range  with  the  SF-11 
spectrophotometer.  The  absorption  coeeficients  kX  [21]  calculated  per  gram-ion  of  Co*^  from  the  equation 
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*  10"^^^,  where  intensity  of  the  incident  light  beam:  I\  is  the  intensity  of  the  light  beam 

emerging  from  the  crystal;  C  is  the  concentration  of  Co*^  ions  in  g-ion^  1000  cc,  and  d  is  the  crystal  thickness. 

The  absorption  curves  for  the  crystals,  measured  with  natural  radiation,  are  shown  in  Pig.  1  as  continuous 
lines.  The  following  conclusions  may  be  drawn  from  a  comparison  of  the  absorption  spectrum  of  Co*"*^  ions  in 
aqueous  solution  and  the  spectra  of  Co*"*^  ions  in  tlie  structure  of  CoClj,  CoBrj,  CsiCoClj,  CssCoBts  and  crystal¬ 
line  hydrated  cobalt  salts: 

1.  With  an  unchanged  coordination  number  of  the  Co*'’’ion,  replacement  of  HjO  molecules  by  halogen  ions 
leads  to  sharp  changes  intheelectronspectrum  of  Co*'*’  ions. 

2.  With  unchanged  chemical  nature  of  the  particles  constituting  the  nearest  environment  of  the  Co*"*^  ion 
change  of  the  coordination  number  of  the  cobalt  ion  from  six  to  four  results  in  a  radical  change  in  tfie  electron 
spectrum  of  the  Co*^  ion.  Tlie  spectra  of  the  tetrahedral  complexes  C0CI4  and  CoBr4  differ  sharply  from  the 
spectra  of  the  octahedral  complexes  C0CI5  and  CoBrj;  there  is  also  a  large  difference  between  the  spectra  of  C0O4 
tetrahedrons  in  the  spinel  structure  [22]  and  Co(H20)4  octahedrons. 

3.  The  spectrum  of  the  Co*'*'  ion  in  aqueous  solution  is  identical  by  the  number  of  absorption  bands  and  by 
the  frequencies  corresponding  to  the  absorption  maxima  with  the  spectrum  of  the  octahedral  Co(HjO)|'*"  ion  in 
tfie  crystal  structure  of  the  crystal  hydrates  €0(0104)2  •  6H2O  and  C0SO4  •  7H2O.  The  absorption  coefficient  of 
the  Co*"*^  ion  in  aqueous  solution  is  somewhat  greater  than  that  of  the  Co(H20)|'’^  ion  in  crystal  hydrates. 

However,  it  cannot  be  conclusively  claimed  from  the  above  that  the  nearest  environment  of  the  Co*^  ion  in 
dilute  aqueous  solutions  of  Co(n)  salts  comprises  six  water  molecules  forming  an  octahedron.  All  the  crystals 
studied  belong  to  the  middle  and  lowest  classes:  Co(C104)  .  6H2O  must  be  assigned  to  the  hexagonal  and  C0CI2  • 

*  6H2O,  C0CI2  ‘  2H2O  and  C0SO4  *  7H2O  to  the  monoclinic  system.  Because  of  the  pleochroism  of  crystals  of  this 
type  their  absorption  curves  measured  with  natural  radiation  may  be  of  random  character. 

We  therefore  studied  the  absorption  spectra  of  the  same  crystal  hydrates  in  the  400-1350  mp  region  with  polarized 
radiation.  This  series  of  measurements  was  performed  with  the  SF-11  spectrophotometer;  the  polarizer  was  a Frank- 
Ritter  prism.  Plates  cut  from  the  crystals  were  orientated  in  tte  instrument  in  such  a  way  that  one  of  the  optic 
axes  of  the  crystal  coincided  with  the  direction  of  the  vector  E  of  the  polarized  beam.  The  absor^don  curves  cor¬ 
responding  to  different  crystal  orientations  are  shown  by  dash  lines  in  Fig.  1  (curves  a-the  vector  E  is  parallel  to 
the  [100]  axis,  curves  b  and  c-to  the  [010]  and  [001]  axes  respectively). 

These  results  show  that  the  "pleochroism"  of  our  crystals  reduces  to  mere  "absorption"  [23];  a  change  of 
crystal  orientation  relative  to  the  plane  of  vibrations  of  the  polarized  beam  does  not  give  rise  to  new  frequencies 
in  the  absorption  spectra.  Investigation  of  the  color  of  C0CI2  and  CS2C0CI4  with  the  polarization  microscope 
makes  it  possible  to  extend  this  conclusion  to  these  two  substances. 

Thus,  investigation  of  the  electron  absorption  spectra  of  Co*'*'  ions  in  aqueous  solution  and  of  crystalline 
Co(II)  complexes  shows  that  die  absorption  spectrum  and  therefore  the  nearest  environment  of  the  Co*'*’  ion  hi 
dilute  aqueous  solutions  coincide  with  those  of  the  octahedral  Co(H20)|^  ion.  The  nearest  environment  of  the 
Co*'*’  ion  in  dilute  aqueous  solutions  consists  of  six  water  molecules  at  the  corners  of  a  tetrahedron.  It  must  be 
pointed  out  that  this  refers  only  to  the  nearest  environment  of  the  Co*'*^  ion  in  aqueous  solution  and  does  not  ex¬ 
clude  the  possibility  of  very  pronounced  interaction  between  die  Co(H20)j’*'  and  the  whole  bulk  of  the  solvent. 
Calculation  of  the  heat  of  hydration  of  diis  aquo  ion,  carried  out  by  Yatsimirskii  [24]  and  ourselves  in  the  case 
of  Co(H20)|^  •  6H2O,  shows  that  interaction  of  the  Co(H20)|'*'  ion  with  water  is  accompanied  by  a  considerable 
exothermic  effect. 

It  is  our  pleasant  duty  to  offer  our  deep  gratitude  to  K.  P.  Mishchenko  for  valuable  critical  comments. 

SUMMARY 

1.  The  electron  absorption  spectrum  of  Co*’*’  ions  in  aqueous  solutions  was  investigated  in  the  230-1350  mp 
region. 

2.  The  election  absorption  spectra  of  the  following  crystals  were  investigated  with  natural  radiation  in  the 
230-1350  mp  regions:  €0(0104)2  *  6H2O,  C0SO4  *  7H2O,  C0CI2  •  6H2O,  CoClj  •  2H2O,  C0CI2,  CoBr2,  OS2C0CI4  ^ 
CsCoBts.  Investigation  of  the  same  crystals  with  polarized  radiation  showed  that  their  "pleochroism"  reduces 
to  "absorption." 


3.  Changes  in  the  chemical  nature  of  the  particles  surrounding  the  Co*'*'  ion  and  changes  of  the  coordination 
number  of  this  ion  lead  to  pronounced  changes  in  the  electron  absorption  spectrum  of  the  Co*"*^  ion. 

4.  This  observation,  and  also  the  fact  that  the  electron  absorption  spectrum  oi  the  Co*'**  ion  hydrated  in  aque¬ 
ous  solution  coincides  with  the  spectrum  of  the  octahedral  Co(H|0)|''^  ion  in  the  structure  of  crystal  hydrates,  sug¬ 
gests  that  the  nearest  environment  of  ^  Co^*^  ion  in  dilute  aqueous  solutions  consists  of  six  water  molecules  form¬ 
ing  a  regular  octahedron. 
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The  influence  of  fluctuations  on  the  dielectric  properties  of  solutions  with  weak  orientation  of  the 
molecular  dipoles  is  examined.  Equations  are  derived  for  the  relationships  between  the  mean  lo¬ 
cal  and  effective  or  macroscopic  values  of  the  dielectric  constant  in  the  frequency  range  where 
dispersion  of  electromagnetic  waves  occurs.  Measurements  of  dielectric  .constant  and  loss  in  ace¬ 
tone-benzene  solutions  at  Xa3.21  cm  and  X  =  8.15  mm,  performed  over  a  wide  range  of  concen¬ 
trations  and  temperatures,  are  in  agreement  with  tfieory. 

It  was  shown  earlier  [1,  2]  that  the  difference  between  die  macroscopic  or  effective  dielectric  constant  e 
and  the  mean  local  value  e  depends  on  fluctuations  of  the  dielectric  constant  which  arise  under  the  influence  of 
thermal  motion  and  intermolecular  forces.  The  relationship,  applicable  to  static  electrfc  fields,  derived  from 
the  values  of  e ,  e ,  and  the  mean  square  fluctuation  (Ae)*  was  expressed,  in  the  first  approximation,  by  the  equa¬ 
tion 


e(12 


(1 

(Is  (/f/j 


(1) 


where  qi  is  a  certain  parameter  characterizing  die  state  of  the  system  (temperature,  pressure,  component  con¬ 
centrations).  It  was  shown  in  [2]  that  similar  equations  can  be  used  for  the  relationships  between  macroscopic 
and  mean  local  values  of  the  magnetic  permeability  p ,  electrical  condutivity  o,  etc.,  in  presence  of  static  or 
low-frequency  alternating  electric  and  magnetic  fields. 

In  diis  paper  we  analyze  the  influence  of  fluctuations  on  dielectric  constant  and  loss  for  individual  liquids 
and  solutions  in  the  range  where  dispersion  of  electromagnetic  waves  occurs. 

§  1 

Consider  a  volume  V  of  solutions  consisting  of  Nf,  Nj,  ...,  Nq^  molecules  of  components  l,2,...m  and  lo¬ 
cated  in  an  electromagnetic  field  of  frequency^. 

In  the  frequency  range  where  the  substance  absorbs  electromagnetic  waves  the  dielectric  properties  of  die 
system  are  usually  expressed  in  terms  of  the  complex  value  of  the  dielectric  constant  e  =  c  '  —  jc  here  the  im¬ 
aginary  part  e  ”  is  proportional  to  the  energy  of  the  field  absorbed  by  the  substance. 
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As  the  result  of  fluctuations  at  a  certain  time  instant  there  exist  in  solution  individual  elements  of  the  vol¬ 
ume  where  die  local  dielectric  constants  ti  and  losses  cj  differ  from  dieir  mean  values.  Here,  in  accordance 
with  [1],  the  local  values  e'j  and  are  taken  to  mean  the  values  of  e*  and  e  which  the  whole  solution  would  have 
if  the  nature  of  molecular  distribution  and  orientation  as  a  whole  were  the  same  as  in  the  selected  volume  ele¬ 
ment.  The  values  of  and  fluctuate  near  the  mean  local  values  £*  and  e  *  of  the  dielectric  constant  and 
loss.  In  the  general  case  the  latter  are  connected  by  a  certain  functional  relationship  e*  «  y  (e");  then  and  ej 
are  not  statistically  independent  quantities  and  adefinite  value  of  always  corresponds  to  each  value  of  ej . 

We  assume  that  the  probability  distribution  of  t'l  and  about  their  mean  values  is  Gaussian.*  Then  the 
probability  that  e'j  and  may  exist  simultaneously  in  a  certain  volume  dV  is  determined  by  the  expression: 


dWi  = 


2ji(ri  -  T)  * 


exp 


2('l 


dsl  = 


Y  2n(Bl 


«  ) 


exp 


(2) 


dt  I 


Extending  the  integral  equation  derived  in  [1.  2]  to  the  case  of  an  alternating  electric  field,  we  have 


r  dW'i  ^ 

J  e/  -j-2e  3e 

Using  Equation  (2)  and  the  expression  for  e.  we  resolve  Eq.  (3)  into  its  imaginary  and  teal  parts: 
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’  r  («’/  +  2e') 

(ei-e')* 

V  2n(ti  -  e  y]  (e  'l  +  2e')*  4  (p/  +  2e-)2  ^ 

2(e;-e')’J 

min 

®  max 

'  i‘  (n+^') 

_  Yi-zYll 

Y 2nfe  I  - 1'  )0  (e),  4-  2e')»  (e]  4- 

L  2(e;-e')*J 

3|(e')*-(e")*l 


(3) 


(4) 


Transforming  Eq,  (4),  we  have: 


\Y  ,  -  (1  +  ^“)  31(e')*-f  [ 


\Y  I  h-  ^^3((e')*  4-  (e')*! 


I  » 

_ I 


where 


dt’IdQi 


I _ .  ( Ae)*  =  (e'l  —  e')*  .  ..  _  . 


^  = 


max  .  .  .  .  _  , 

le'l  +  2t'Y  4-  2a(e'j  4-  2e')  4-  ’ 


min 


(5) 


*In  small  elements  of  the  volume  diere  may  be  deviations  from  a  Gaussian  distribution  of  fluctuations  of  e'j  and 
.  However,  as  was  shown  in  [2],  tfie  theoretical  results  still  remain  valid  in  such  a  case. 
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rvpj  -  —  k')*  j 


{>l  I  -t'')-  2a{t'i  i  2f,'j  -I-  3*  ■ 


Here 


1  2e')-«(s--|  2s-)l; 
P"  “  i-TTT*  !(=■  H  2s')  -  /i(i' 2s-)P. 


After  rearrangements  similar  to  those  given  in  [1]  we  have 

_  c'  _  W  e'( /»,(?,  -  P.Qt)  -  e'(P,Q,  +  />o(?,) 


l(e')*  +  (e")*l-(l  h  /f’) 


dt,'  jdq  j  -|-  2de,‘ I dq  j 


•  S  = 


(Ae)® 


I  PzQi)  +  -  PiQi) 


I(e')*  f-  (r")=l*.(t  H  //-) 


d?/  fdq  j  }-  2de.'  'dq  j 


Here 


f  2d  F'/dq^ 


d  Z'  jdq ^  f-  2d  Z’  jdq ^  ’ 

f\  =  l(s')“  -1-  }  23'a%/**  ,/v,; 

/»,  -  ((s'f-  {zy\dz'^ld(,i-2z'z'’d-\,h,,: 

--=  (1  _  IP)  -f-  2///f; 

==  2//  — (1  —  /r-)/{. 


(6) 


In  derivation  of  Equations  (6)  terms  containing  the  factor  dA/dq^  were  small  enough  to  reject. 

In  the  particular  case  when  the  conditions  de/dqj  ■  de  */dqi*  and  de/dq^  =  de"/dqj  hold  Equations  (6)  are 
simplified  and  are  written  as  follows: 


(At 


-)i|  -I  2«e']. 


“3i(o*  +  (n’i 


(7) 

(8) 


At  low  frequencies  there  are  no  losses  in  solution  (e"  ^  0);  then 

_  p' 

which  coincides  with  Equation  (2-27)  in  [1]. 

Eliminating  the  meansquare  fluctuation  (Ae)*  from  Eq.  (7)  and  (8)  we  have 

z’  -^8’  _  2n»'  —  s'*!!  —U^) 

?  ^8'  "  3  (1  —  n^)  27/3'  ’  (9) 

This  last  expression  is  the  most  convenient  for  seuiiquantitative  estimates  of  the  influence  of  fluctuations  ondi- 
electric  properties  of  a  system. 


*  As  in  the  original  Russian. 


11 


§  2 

In  the  general  case  fluctuations  of  dielectric  constant (Ae)*  are  induced  by  fluctuations  of  concentration, 
of  density,  etc.  If  the  temperature  of  the  solution  is  far  from  the  critical  point  the  influence  of  density  fluctua¬ 
tions  on  e*  and  e”  may  be  disregarded.  Fluctuations  of  concentration  are  large  in  solutions  the  properties  of 
which  exhibit  considerable  positive  deviations  from  ideal  behavior.  For  such  solutions  it  is  sufficient  to  consider 
tile  influence  only  of  concentration  fluctuations  on  e*  and  e".  In  the  simplest  case  of  a  binary  solution  we  have; 

(10) 


Taking  the  concentration  c  of  the  second  component  as  the  parameter  of  the  system  in  Eq.  (7)  and  (8),  and 
using  (10),  we  transform  these  equations  into 


(iw)-  _ 

's'l  (  —  1 

r — ( — ”  r  i 

‘>c' 

,,  d  £ 

d  e"  \ 

1 

dc 

(tC  i 

»  (A  c)“ 

d  e"  j 

(iii ) 

1 

:  —  1 

dc 

r”"""  L 

1  dc  J 

1  dv 

(11) 

(12) 


de’  de*  ,  de"  de' 

Equations  (11)  and  (12)  are  derived  for  the  conditions  and 


each  of  which  holds 


strictly  at  one  concentration,  usually  in  the  region  ^  =  0.5,  where  is  the  concentration  (rf  one  of  the  components 
expressed  in  volume  fractions.  These  conditions  are  often  satisfied  with  an  adequate  degree  of  approximation  in 
tiie  range  v*  =  0.5  ±  0.1.  At  other  concentrations  Equations  (6)  should  be  used. 


The  values  of  e'  and  e",  characterizing  the  mean  local  dielectric  properties  of  a  solution,  can  be  calculated 
if  die  corresponding  values  and  Sqj  for  the  pure  components  are  known.  The  macroscopic  dielectric  proper¬ 
ties  of  tiie  pure  components  are  close  to  their  mean  local  properties.  Therefore,  if  the  volume  of  the  solution  is 
tiie  sum  of  the  volumes  of  tiie  components,  e'  and  f’for  the  solution,  with  a  sufficient  degree  of  accuracy  [1],  are 
obtained  additively  from  Cqj  and  e"oj. 


(13) 


It  must  be  stressed  that  Eq.  (13)  can  be  used  for  calculating  the  mean  local  values  of  the  dielecffic  constant  and 
loss  for  a  solution  which  are  independent  of  existing  positive  deviations  from  Raoult's  law.  The  values  of  e*  and 
e"  calculated  from  Eq.  (13)  can  be  used  in  Eq.  (11)  and  (12)  foe  calculation  of  e*  and  e",  since  values  of  (Ac)* 
can  be  found  from  analogous  measurements  at  other  frequencies,  including  optical. 

For  experimental  verification  of  the  above  we  measured  the  dielectric  constants  and  losses  of  binary  ace¬ 
tone-benzene  solution  at  two  wave  lengths  (X  =  3.21  cm  and  8.15  mm)  between -10  and  +40*.  The  measurements 
were  performed  by  the  waveguide  method  described  in  [3].  The  degree  of  accuracy  was  1*70  in  measurements  at 
X=  3.21  cm  and  2%  in  measurements  at  X  =  8.15  mm. 


The  dielectric  properties  of  acetone  at  low  frequencies  conform  fairly  well  to  the  Onsager  theory.  It  may 
be  assumed  that  short-range  orientational  order  in  acetone  is  weak.  It  is  to  be  expected  that  in  a  solution  of 
acetone  in  benzene  (a  nonpolar  solvent)  there  is  virtually  no  predominant  mutual  orientation  of  the  polar  mole¬ 
cules.  In  this  case  the  observed  deviations  of  e’  and  e"  of  the  solutions  from  additivity  are  due  almost  entirely 
to  the  influence  of  fluctuations.  If  this  is  so,  then  Eqs.  (7-9,  11,  12)  should  quantitatively  represent  the  experi¬ 
ment  data. 


In  Fig.  1  and  2  the  dielectric  constants  and  losses  are  plotted  against  the  solution  concentration  at  two  wave 
lengths  at  20*.  The  degree  of  deviation  of  the  macroscopic  dielectric  constant  and  loss  from  the  mean  values  de¬ 
creases  with  increase  of  frequency  for  e’  and  increases  for  e".  The  greatest  deviation  for  e"  is  found  at  approxi¬ 
mately  the  frequencies  corresponding  to  maximum  absorption  of  radio  waves  by  the  solution.  This  relationship 
is  shown  more  clearly  in  Fig.  3,  which  gives  the  dependence  of  macroscopic  and  mean  local  values  of  e*  and  e  " 
on  frequency  at  20*  and  <p  =  0.5,  calculated  from  Eqs.  (11-13).  Although  Eqs.  (11-13)  do  not  contain  the  frequen¬ 
cy  relationships  of  e*,  e".  S'  and  e"  in  explicit  fexm,  these  can  be  derived  with  the  aid  of  values  of  and  e"Qj 
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Fig.  1.  Variations  of  the  dielectric  constant  and 
loss  of  acetone —benzene  solution  with  the  con¬ 
centration  expressed  in  volume  fractions,  at 
X  =  3.21  cm  and  t  =  20*. 


Fig.  2.  Variations  of  the  dielectric  con¬ 
stant  and  loss  of  acetone— benzene  solu¬ 
tion  with  the  concentration  expressed 

in  volume  fractions,  at  X  =  8.15  mm 
and  t  =  20*. 


Fig.  3.  Variations  of  the  macroscopic  and  mean  values  with  frequency  at  t  -  20*: 
a)  Dielectric  constant;  b)  dielectric  loss. 


determined  experimentally  at  different  frequencies.  The 
values  obtained  by  Drude  [4]  fore  of  acetone— benzene 
solutions  and  the  values  of  e*  and  e”  for  pure  acetone 
determined  by  Calderwood  and  Smyth  [5]  were  also  used 
in  the  calculations.  The  corresponding  differences  5e*  • 
=  i  e*  and  6e"  =  e*  — e",  at  ^  »  0.5, are  given  in  the 
table  together  with  experimental  values  of  these  differ¬ 
ences.  It  may  be  noted  tfiat  the  discrepancies  between  the  calculated  and  experimental  values  of  5e*  and  60” 
are  within  the  limits  of  experimental  error,  since  we  are  comparing  ttie  differences  and  not  die  absolute  values 
of  e*  and  e". 


Differ- 

X  =  : 

3.21  cm 

X  »  8.15  mm 

ences 

calc. 

exptl . 

calc. 

exptl. 

6e* 

1.60 

1.40 

0.86 

1.17 

6e’ 

0.38 

0.22 

0.98 

1.12 

For  analysis  of  the  effect  of  temperature  on  the  difference  between  the  macroscopic  and  mean  local  values 
of  e*  and  e"  we  modify  Eq .  (9).  Since  these  differences  5  e '  and  6e”  are  small  by  comparison  widi  e*  and  e"  in 
die  first  approximation  we  can  use,  instead  of  the  macroscopic  values  of  e*  and  e”  in  the  right-hand  side  of  Eq. 
(9),  their  mean  local  values  calculated  from  Eq.  (13).  We  then  have,  after  transformation: 
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9CJH' 


iM 

(* 

12 

/.o\ 

QS 

Q* 


Calculated 

Experimental 


X  =  8.15  mm 


X=  3.21  cm 


*0  tx 


Fig.  4.  Variations  of  the  ratio  6e."/iF'  with  tem¬ 
perature  at  Xs3.21  cm  and  8.15  mm 


die  experimental  values  of  the  macroscopic  e*  and  e” 
from  Eqs.  (7)  and  (8). 


where 


ScVoc'  ijr(2'|  — s), 

^8',V/9 

IrS  =  e7g'. 


(14) 


The  dependence  of  66"/6e'  on  temperature  calculated  from 
Eq .  (14)  for  two  wave  lengths  is  given  in  Fig.  4.  In  the 
first  approximation  we  may  assume  that  rise  of  temperature 
diminishes  the  angles  and  5  equally.  Therefore,  accord¬ 
ing  to  (14),  rise  of  temperature  must  also  decrease  the  ratio 
6e"/  6e*.  This  is  confirmed  both  by  the  calculated  and  by 
the  experimental  curves  in  Fig.  4.  It  should  be  noted  that 
agree  to  withii^  2—5io  widi  the  theoretical  values  calculated 


Thus  it  follows  from  all  die  foregoing  that  consideration  of  fluctuations  of  dielectric  constant  in  the  form 
presented  here  gives  an  acceptable  explanation  of  the  effects  of  frequency  and  temperature  on  the  difference  be 
tween  the  macroscopic  and  mean  local  dielectric  constants  and  losses  in  acetone— benzene  solutions  and  in  cer¬ 
tain  other  solutions  with  weak  orientation  of  the  molecular  dipoles. 


SUMMARY 

1.  Equations  are  derived  for  the  influence  of  fluctuations  on  dielectric  constant  ana  loss  in  individual 
liquids  and  solutions  in  the  region  of  dispersion  of  electromagnetic  waves. 

2.  Equations  are  derived  for  the  relationship  between  mean  local  and  macroscopic  or  effective  values  of 
e*  and  e". 

3.  Measurements  of  e*  and  e”  in  acetone— benzene  solutions  at  Xs  3. 21  cm  and  8.15  mm,  performed  over 
wide  ranges  of  concentration  and  temperature,  are  in  quantitative  agreement  with  theory. 
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It  is  shown  that  two  facts  usually  established  without  much  difficulty  at  the  first  stages  of  structure 
analysis— similarity  (or  difference)  of  crystal  structures  of  corresponding  internal  complex  com¬ 
pounds  of  copper  and  nickel,  and  the  location  of  the  metal  atoms  at  the  centers  (or  outside  the  cen¬ 
ters)  of  symmetry  of  the  crystals— can  be  used  for  drawing  valuable  conclusions  about  the  molecular 
structure  of  diese  compounds.  It  can  be  predicted  theroretically  that  if  crystals  of  corresponding 
compounds  are  not  isostructural  then  in  at  least  one  of  them  the  complex  is  of  nonplanar  structure; 
this  is  confirmed  by  exp>erimental  data.  In  cases  when  the  metal  atom  is  linked  with  four  O  atoms 
or  four  S  atoms  the  crystals  of  corresponding  copper  and  nickel  compounds  are  not  isostructural, but 
copper  complexes  have  planar  structure  in  the  first  case,  and  nickel  complexes  in  the  second.  Dia 
magnetic  compounds  of  nickel,  where  the  metal  atom  is  linked  to  two  N  atoms  and  two  O  atoms, 
usually  form  crystals  isostructural  with  crystals  of  the  corresponding  copper  compounds  in  the  case 
of  planar  trans -configuration,  and  nonisostructural  in  the  case  of  enforced  cis -configuration. 

In  a  recent  survey  [1]  on  x-ray  structural  investigations  of  crystals  of  internal  complex  compounds  (ICC) 
Shugam  and  Shkol’nikova  note  that  corresponding  compounds  of  copper  and  nickel  are  often  nonisostructural  al- 
tliough  both  metals  form  square  planar  complexes.  They  consider  that  the  difference  between  the  structure  of 
copper  and  nickel  compounds  is  that  copper  atoms  in  the  crystals  occupy  general  positions,  whereas  nickel  atoms 
occupy  special  positions  at  the  centers  of  symmetry.  Shugam  and  Shkol’nikova  attribute  die  location  of  copper 
atoms  in  general  positions  to  greater  or  lesser  deviations  of  the  copper  complexes  from  a  planar  structure. 

Kitaigorodskii  [2]  showed  that  centrosymmetric  molecules  in  crystals  should  be  located  at  die  centers  of 
symmetry.  It  is  true  that  several  examples  of  crystallization  of  substances  widi  centrosymmetric  molecules  in 
noncentrosymmetric  space  groups  have  been  described  in  the  literature  [3],  but  Kitaigorodskii *s  doubts  concern¬ 
ing  the  accuracy  of  these  data  seem  justified  [4],  In  any  event,  it  must  be  acknowledged  that  Kitaigorodskii's 
rule  is  valid  for  the  vast  majority  of  known  structures.  Therefore  if  the  metal  atom  in  an  ICC  is  outside  die  cen¬ 
ter  of  symmetry  it  may  be  assumed  that  the  molecule  of  this  compound  is  noncentrosymmetric.* 

The  centrosymmetric  character  of  an  ICC  molecule  may  be  disturbed  in  various  ways.  The  most  probable 
of  diese  ways  are:  1)  if  the  complex  attains  cis -configuration  while  retaining  a  planar  configuration  of  the  atoms 
in  the  central  group,  including  the  metal  atom  and  the  atoms  joined  to  it  chemically;  2)  if  the  metal  atom  de¬ 
viates  from  the  plane  containing  die  other  atoms  of  the  central  group  (pyramidal  configuration);  3)  if  the  atoms 
joined  chemically  to  the  metal  are  in  nonplanar  configuration.  Experimental  data  available  at  this  time  show 
that  the  first  possibility  is  realized  only  when  the  molecule  cannot,  because  of  its  structure,  assume  the  trans- 


•Here  and  subsequently  we  consider  only  ICC  of  fourfold  coordination,  nonelectrolytes,  with  molecules  consisting 
of  one  metal  atom  and  two  similar  bidentate  ligands  or  one  tetradentate  ligand. 
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configuration.  This  may  be  the  case  when  a  tetradentate  ligand  widi  a  fairly  rigid  structure  is  involved  In  com¬ 
plex  formation;  an  example  is  provided  by  salicylalethylenediaminates: 


Bivalent  copper  and  nickel  very  often  do  not  form  compounds  of  the  same  composition  outside  the  ICC 
class.  However,  in  so  far  as  such  compounds  are  formed  their  crystals  are  generally  isostructural  or  have  similar 
structures.  The  following  examples  may  be  mentioned:  MLijN,  M2P,  MjP,  MsSbj,  4MO*Fej03,  anhydrous  and 
hydrate  halides  and  sulfates.  [MiNHslelBr*.  [M(NHj)8lI,[5],  CsMClrfS,?],  KjPb[M(N02)6][5.8],  where  M  »  Cu  or  NI. 

In  die  ICC  class  ccwresponding  compounds  of  copper  and  nickel  are  nearly  always  formed,  but  very  often 
diey  are  not  isostructural.  Bivalent  copper  and  nickel  ions  are  very  similar  to  each  other  in  si2:e  and  electronic 
structure;  it  is  therefore  unlikely  that  packing  differences  between  molecules  of  similar  structure  can  be  respon¬ 
sible  for  the  fact  tfiat  their  corresponding  ICC  are  not  isostructural.  Therefore  in  this  case  a  difference  of  crystal 
structure  indicatec  a  difference  of  molecular  structure,  and  primarily  a  difference  in  the  structure  of  the  central 
atomic  group.  The  latter  cannot  undergo  anysignificant  changes  if  the  center  of  symmetry  is  retained.  There¬ 
fore,  If  corresponding  copper  and  nickel  ICC  are  not  isostructural,  it  may  be  assumed  with  a  high  degree  of  prob¬ 
ability  that  at  least  one  of  them  has  noncentrosymmetric  molecules. 

It  follows  from  the  foregoing  that  two  facts  usually  established  without  much  difficulty  at  the  first  stages  of 
structure  analysis— similarity  (or  difference)  of  crystal  structures  of  corresponding  copper  and  nickel  compounds, 
and  the  location  of  the  metal  atoms  at  the  centers  (or  outside  the  centers)  of  symmetry  of  the  crystals— can  be  used 
for  drawing  conclusions  about  the  structure  of  ICC  molecules.  Correlation  and  extension  of  such  information  is 
tlierefore  of  interest. 

Comparison  of  such  data  with  the  results  of  magnetic  investigations,  which  in  themselves  cannot  lead  to 
definite  conclusions  in  many  cases  [9],  is  also  useful  for  establishing  the  principles  of  structure  of  nickel  ICC. 

In  die  present  investigation  we  used  literature  data  and  our  own  experimental  data  determined  by  electron 
and  x-ray  diffraction  methods.  The  method  used  for  the  electron-diffraction  work  is  described  elsewhere  [10]. 

The  x-ray  patterns  were  obtained  by  the  powder  method  with  copper  radiation;  x-ray  oscillation  patterns  were 
obtained  in  some  cases. 

The  results  of  our  work  show  that  for  the  class  of  copper  and  nickel  ICC  as  a  whole  (regardless  of  the  nature 
of  the  atoms  surrounding  the  metal  atom)  it  cannot  be  asserted,  as  is  done  by  Shugam  and  Shkol*nikova  [1],  that 
a  nonplanar  structure  is  characteristic  of  copper  complexes  in  contrast  to  nickel.  With  this  approach  it  is  also 
impossible  to  deduce  how  far  the  nonisostructural  character  of  corresponding  copper  and  nickel  ICC  is  typical. 

We,  therefore,  classify  these  substances  by  the  composition  of  the  nearest  environment  of  the  metal  atom,  dis¬ 
tinguishing  five  groups;  M-40,  M-4S,  M-4N,  20(trans),  M-2N,  20  (cis). 

Compounds  of  the  M— 40  Group  (Table  1).  In  this  group  the  Cu  atoms  are  at  the  centers  of  symmetry, 
which  indicates  a  planar  structure  of  the  copper  complexes.  Several  nickel  compounds  in  this  group  have  been 
found  to  be  paramagnetic  (salicylaldehydate  [11, 12],  acetylacetonate  [11],  complex  with  o-hydroxyacetophenonc 
[12],  etc.);  but  the  conclusion  drawn  from  this,  that  the  Ni  atom  bonds  are  tetrahedral  [13],  is  questionable  [9]. 

The  isostructural  character  of  Ni  and  Zn  acetylacetonates  and  salicylaldehydates  is  not  convincing  evidence  of 
the  tetrahedral  structure  of  these  nickel  complexes  either  [14, 15].  Bullen  [16]  and  Lyle  et  al.  [17]  showed  that 
in  crystals  of  the  latter  two  Ni  compounds  (and  consequently  of  the  analogous  Zn  compounds)  the  metal  atoms 
are  not  at  the  centers  of  symmetry;  trimers  with  very  shwt  metal— metal  distances  (2.72  and  2.88  A  in  the  case 
of  Ni  acetylacetonate)  are  formed  in  this  case.  Consequently,  specific  interaction  between  the  metal  atoms  is 
not  excluded  here.  In  any  event,  it  may  be  assumed  that  corresponding  ICC  of  Cu  and  Ni  in  this  group  form  non¬ 
isostructural  crystals.  In  fact,  the  two  known  examples  support  this  view. 

Compounds  of  the  M— 4S  Group  (Table  2).  All  the  substances  of  this  group  for  which  we  have  structure  data 
are  characterized  by  four-membered  metal  cycfw  and  not  five-  or  six-membered  as  in  the  other  compounds  under 
consideration.  It  may  be  noted  tfiat  formation  of  four-membered  metal  cycles,  which  is  never  observed  with  car¬ 
boxylic  acids,  is  quite  usual  if  the  O  atoms  of  the  carboxyl  group  are  replaced  by  S  atoms. 
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TABLE  1 ,  Compounds  of  ti>c  M— 40  Group* 


Substances 

Isostruc¬ 

tural 

Position  of  metal 

atom 

Literature 

Cu 

Ni 

Acetylacetonates 

No 

c 

n 

[16],  [53] 

[54],  [55] 

Acetyl  ace  toes  ter  a  tes 

- 

c 

— 

[56] 

Benzoyl  ace  tonates 

— 

c 

— 

[53] 

S  a  lie  yl  a  Ideh  yd  ates 

No 

c 

n 

[15],  [17], 

[38] 

Tropolonates 

c 

[57] 

•in  this  and  the  subsequent  tables  die  presence  of  isostructural  mod¬ 
ifications  is  indicated  by  "Yes"  and  absence  by  "No;"  centrosymmet- 
ric  positions  of  the  metal  atoms  are  indicated  by  "c"  and  noncentro- 
symmetric  by  "n." 


TABLE  2.  Compounds  of  the  M-4S  Group 


Isostmc- 

Position  of  metal 

Substances 

tural 

atom 

Literature 

Cu 

Ni 

Diethyldithiocar- 
ba  mates 

No 

n 

c 

[25] 

n-Dipropyldidiiocar- 
ba  mates 

No 

n 

c 

[23],  [24], 
[26] 

Diethyldithiophos  - 
phates 

- 

- 

c 

[58] 

TABLE  3,  Compounds  of  the  M-4N  Group 


Substances 

Isostruc¬ 

tural 

Position  of  metal 

atom 

Literature 

Cu 

Ni 

a  -  Pyr  ro  la  1  im  ina  tes 

- 

c 

- 

[38] 

Dimediylglyoximates 

No 

n 

c 

[28],  [29] 

[30],  [31],  [32] 

Me  th  yle  diy  Igl  y  ox  - 

imates 

Yes 

n 

n 

[33] 

Phthalocyanines 

Yes 

c 

c 

[59] 

Analog  of  Ni  phthal- 

ocyanine 

** 

* 

c 

1 

[60] 

The  numerous  nickel  compounds  belonging  to  tiiis  group  are  diamagnetic  (anthate  [18,  19],  diethyldithio- 
phosphate  [20],  dithiocarbamate  [18],  and  many  others  [18,  20,  21,  22]).  This  indicates  that  ihe  nickel  complexes 
have  planar  structure.  In  fact  the  very  few  structure  investigations  which  have  been  performed  show  that  in  crys¬ 
tals  of  these  ICC  the  Ni  atoms  occupy  the  centers  of  symmetry.  However,  the  two  Cu  compounds  which  have  been 
studied  (diethyldithiocarbamate  and  n-dipropyldithiocarbamate)  form  crystals  which  are  not  isostructural  with  the 
crystals  of  the  corresponding  Ni  compounds,  and  in  this  group,  in  contrast  to  die  M-40  group,  the  Cu  atoms  oc¬ 
cupy  general  positions  [23,  24,  25].  It  was  shown  recently  [26]  that  this  is  due  to  the  nonplanar  configuration  of 
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die  atoms  in  tlie  cental  group.  The  structure  of  Pb  diethyldithiocarbamatc  [27]  is  analogous.  Here  the  Pb  atom 
occupies  the  vertex  of  a  tetragonal  pyramid  with  four  S  atoms  at  its  base. 

Compounds  of  the  M-4N  Group  (Table  3).  Here  the  situation  is  very  complicated  and  definite  conclusions 
cannot  be  drawn  from  tlie  few  available  examples.  The  dimethylgloximaiEs  of  Cu  and  Ni  are  not  isostructural; 
whereas  die  Ni  atoms  are  at  the  center  of  symmetry  [28,  29,  30]  (like  Pd  and  Pt  atoms  in  the  corresponding  iso¬ 
structural  d i me diylglyoxi mates  [29,  30]),  indicating  a  planar  structure  of  die  complex,  the  Cu  atoms  occupy 
general  positions  and,  forming  Cu— O  intermolecular  bonds,  are  at  the  centers  of  tetragonal  pyramids  [31,  32], 

On  die  odier  hand,  Cu  and  Ni  methylethylglyoximates  arc  isostructural.  According  to  Cox  [33],  both  these  sub¬ 
stances  crystallize  in  the  noncentrosymmetric  space  group  P2i2i2.  By  Kitaigorodskii's  rule  [2,  4],  this  is  pos¬ 
sible  only  if  die  molecules  are  noncentrosymmetric.  The  Ni  compounds  of  this  group  are  usually  diamagnetic. 

Compounds  of  the  M-2N,  20(trans)  Group  (Table  4).  Of  die  information  at  our  disposal,  data  on  this  group 
are  the  most  extensive.  This  group  includes  die  majority  of  the  substances  investigated  by  us.  With  the  exception 
of  salicylaldoximatcs,  corresponding  compounds  of  Ni  and  Cu  are  isostructural  in  all  known  cases  and  in  the  ma¬ 
jority  of  cases  both  die  Cu  atoms  and  the  Ni  atoms  are  at  die  centers  of  symmetry.  In  the  two  known  modifications 
of  the  diamagnetic  [11,  19,  34]  Ni  salicylaldoximate  the  metal  atoms  are  at  the  centers  of  symmetry  [35,  36], 
and  in  the  crystals  of  the  corresponding  copper  compound  they  are  in  noncentrosymmetric  positions  [37].  Modifica¬ 
tions  with  both  centrosymmetric  and  noncentrosymmetric  positions  of  the  metal  atoms  are  known  in  the  case  of 
Cu  salicylbutyliminate  (our  data)  and  of  Cu  salicylmethyliminate  [38].  The  literature  data  on  die  isostructura! 
character  Cu  and  Ni  salicylalmethyliminates  are  contradictCHry  [38,  63,  64]. 

It  is  significant  diat  in  this  group  we  have  diamagnetic  nickel  complexes  [12, 16  ,  39  ,  40  ,  41]  in  all  known 
cases  where  corresponding  ICC  are  isostructural.  At  the  same  time,  several  internal  Ni  complexes  of  this  group 
have  been  shown  to  be  paramagnetic  (the  o-aminobenzoate  [41],  one  modification  of  salicylalmethyliminate  [42], 
5-bromosalicylalanilinatE  [41],  and  others  [44,  45,  46,  47]).  Tlie  structure  of  these  paramagnetic  compounds  has 
not  been  elucidated.  The  explanation  of  the  paramagnetism  of  one  modification  of  salicylalmethyliminate,  based 
on  the  assumption  of  specific  interaction  between  Ni  and  O  atoms  [43],  meets  a  number  of  difficulties  [10].  It  is 
quite  possible  diat  the  paramagnetic  nickel  ICC  of  this  group  will  prove  to  be  nonisostructural  with  the  correspond¬ 
ing  copper  compounds. 

Tlie  available  structure  data  indicate  a  similarity  of  crystal  structure  between  corresponding  nickel  and  pal¬ 
ladium  ICC  of  this  group  (salicylaliminates  [48],  salicylaldoximates  [37],  and  b-chlorosalicylaldoximates  [49]). 

Compounds  of  the  M— 2N,20  (cis)  Group.  It  was  stated  earlier  diat  a  cis -configuration  in  ICC  of  Cu  and 
Ni  has  been  found  only  in  cases  when  the  structure  of  the  molecule  itself  excludes  die  possibility  of  trans -config¬ 
uration.  Obviously  die  metal  atoms  in  these  compounds  cannot  be  located  at  the  centers  of  symmetry.  TThe  sal- 
icylalethylenediaminates  and  salicylal-o-phenylenediaminates  of  Cu  and  Ni  proved  to  be  nonisostructural  [38]; 
this  is  confirmed  by  our  data.  The  nonisostructural  character  of  Ni  and  Cii  resacetophenoneethylenediaminates 
was  demonstrated  by  x-ray  diffraction,  and  that  of  the  corresponding  salicylalhexamethylenediaminates  by  elec¬ 
tron  diffraction.*  The  existing  information  is  therefore  in  favor  of  die  view  that  the  copper  and  nickel  complexes 
ot  this  group  are  diamagnetic  (sa  1  ic y la lethylened laminate  [11,  29,  50],  5-bromosalicylalethylenediaminate  [41], 
resactophenoneethylenediaminates  [41]  and  salicylalisopropylenediaminate  [12,  51]);  this  indicates  that  the 
metal  atom  bonds  are  planar. 

The  data  discussed  above  are,  obviously,  far  from  complete  and  our  conclusions  are  therefore  tentative. 

It  is  seen  that  much  remains  obscure  in  the  stereochemistry  of  four -coordinates  copper  and  nickel  ICC;  it  is  dif¬ 
ficult  to  account  for  many  of  the  observed  facts.  Two  points  are  of  special  interest.  The  first  is  that  die  resem¬ 
blance  between  copper  and  nickel  ICC  crystals  is  much  less  than  in  the  case  of  ordinary  noncyclic  compounds. 

This  is  possibly  due  to  the  considerably  more  covalent  character  of  the  metal  bonds  in  ICC,  so  that  the  presence 
of  an  additional  electron  in  copper  plays  an  important  part.  The  second  point  relates  to  the  difference  in  be- 
haviev  between  paramagnetic  and  diamagnetic  nickel  ICC.  As  yet  there  is  no  satisfactory  explanation  of  the 
paramagnetism  of  a  number  of  such  ICC.  We  may  note  that  the  explanation  of  the  paramagnetism  put  forward 
by  Sacconi  et  al.  [52],  based  on  the  assumption  that  external  d-carbits  are  utilized  in  bond  formation  (hybridiza¬ 
tion  of  4s4p^4d)  is  not  confirmed  by  structure  data.  With  bonding  of  this  type  the  complexes  should  have  planar 
square  structure  characterized  by  the  presence  of  a  center  of  symmetry;  however,  the  paramagnetic  nickel  sal- 
icylaldehydate  and  acetylacetonate  form  crystals  with  the  metal  atoms  in  noncentrosymmetric  positions. 

•Because  of  the  length  of  the  hexamethylene  chain  these  complexes  may  also  have  trans -configuration. 
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TABLE  4.  Compounds  of  the  M-2N,  20  (trans)  Group* 

I  Isos  true-  Position  of  metal 

Substances  ^^e  _ atom  Literature 

_ Cu  Ni _ 

a-Aminobutyrates  -  c  -  [61] 

Salicylaliminates  Yes  c  c  e  [38],  [48], 

[62] 

5-Bromosalicyl- 

aliminates  Yes  c  c  e 

4- Methylsalicyl- 

aliminates  Yes  c  c  e 

o -H  ydroxy  ace  tophen - 

neiminates  Yes  —  —  e 

Salicylalmeihyl- 

iminates  7  c,  n  c  [38],  [63], 

[64] 

Salicylalethyl- 

iminates  Yes  -  —  e 

Salicylalbutyl- 

iminates  Yes  c,  n  n  e,  o 

Salicylalanili- 

nates  —  c  —  [38] 

Salicylaldoxi- 

mates  No  n  c  [35],  [36], 

[37] 

5- Chlorosalicyl- 

aldoxlmates  —  —  c  [49] 

8  -Hydroxy  -  a -naphtha - 
dehydemethylimi- 

nates  -  c  -  [38] 

Acetylacetoneiminates  Yes  n  n  o 

•The  symbols  *e"  and  "o"  refer  to  our  results  obtained  from  elec¬ 
tron-diffraction  or  x-ray  oscillation  patterns. 

SUMMARY 

1.  It  can  be  predicted  theoretically  that  if  crystals  of  corresponding  copper  and  nickel  internal  complexes 
are  not  isostructural  then  in  at  least  one  of  them  the  metal  atoms  are  not  at  the  centers  of  syminetry  (the  complex 
is  nonplanar).  This  is  confirmed  by  experimental  data. 

2.  The  existing  (somewhat  limited)  experimental  data  show  that  in  die  M— 40  and  M-4S  groups  the  cor¬ 
responding  copper  and  nickel  compounds  are  not  isostructural,  but  in  the  first  of  these  groups  copper  atoms  and 
in  the  second  nickel  atoms  are  at  the  centers  of  symmetry. 

3.  Diamagnetic  nickel  compounds  of  the  M‘~N, 20 group  (trans)  usually  form  crystals  isostructtiral  widi  the 
crystals  of  the  corresponding  copper  compounds,  and  in  most  cases  the  metal  atoms  are  at  die  centers  of  sym¬ 
metry.  However,  several  exceptions  are  known.  In  known  cases  in  the  M — ►N,20(cis)  group  corresponding  cop¬ 
per  and  nickel  compounds  are  not  isostructural. 

4.  Because  of  the  paucity  of  structure  data  on  crystals  of  compounds  in  the  M-4N  group,  no  definite  con¬ 
clusions  can  be  drawn.  Cases  of  similarity  as  well  as  sharp  difference  between  die  structures  of  corresponding 
internal  copper  and  nickel  complexes  are  known. 
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The  compressibility  and  phase  transitions  between  the  rhombic  and  triclinic  modifications  o£  the 
normal  paraffin  034^170  under  high  pressures  have  been  studied  by  the  x-ray  method.  The  kinetics 
of  die  phase  transition  was  studied  and  the  activation  energy  determined.  Conditions  influencing 
polymorphic  transitions  under  high  pressures  in  the  paraffins  n-CsoHjj,  n-CjjHas.  and  n-Cj^HTo  *^®ve 
been  determined. 

The  structure  of  the  normal  paraffin  n-Cj4H7o  under  high  pressures  was  investigated  with  the  x-ray  camera 
described  in  [1].  The  paraffin  sample  0.4-0.5  mm  in  diameter  was  placed  in  the  channel  of  the  beryllium  cone, 
Pressure  was  transmitted  to  the  sample  by  means  of  ligroin  through  a  lithium  partition  0.3-0.5  mm  thick  (the 
partition  protects  the  sample  from  ligroin  ).  The  pressure  in  the  ligroin  was  measured  with  a  manganin  mano¬ 
meter  to  within  ±100  kg/cm^  A  sharp-focus  tube  with  a  copper  anode  was  used;  the  cassette  diameter  was  86 
mm.  Figure  1  shows  four  x-ray  patterns  of  n-Cj^75  t^hen  on  the  same  film  under  different  pressures  P;  a)  1 
kg/cm*  (before  compression);  b)  7100  kg/cm*;  c)  12300  kg/cm*;  d)  1  kg/cm*  (after  release  of  pressure).  The 
x-ray  pattern  a  corresponds  to  the  rhombic  modification  [only  the  (110)  and  (200)  lines  of  the  R-modification 
are  present],  while  b,  c,  and  d  represent  mixtures  of  the  rhombic  and  triclinic  modifications  (in  addition  to  the 
"rhombic"  lines  these  patterns  contain  lines  characteristic  of  triclinic  paraffins;  see  Table  1). 


Fig.  1.  X-ray  patterns  of  n-C34H7o. 


TABLE  1 .  Interplanar  Spacings  for  the  Strongest  Reflections  of  the 
R ,  T,  and  R  +  T  Modifications 


Modi¬ 

fica¬ 

tion 

1 

Paraffin 

P,  kg/cm^ 

Interplanar  spacing,  A 

T 

R 

n  -C20H42 
nCwH-u 

1 

1 

4,54 

4,12 

3,79 

3,73 

3,58 

R~T 

M 

14000 

4,21 

3,84 

3,59 

3,43 

3,18 

R-^r 

1  (after 
release) 

4,54 

4,12 

3,8G 

3,72 

3,56 
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TABLE  2,  Linear  Compressibilities  on  n-Cj4fi7(,  Along  the  a  and  b  Directions 


P.  kg/cm* 

X 

«J  <] 

0  \ 
3^ 

exptl. 

Ab^. 

P.  kg 
/cm* 

X 

4)  <] 

calc. 

Aa/a, 

• 

5  <d 

3  < 

3200 

2,2 

2,2 

1,8 

2,1 

11400 

6,0 

6,6 

5,4 

6,1 

4900 

3.2 

3,3 

3,0 

3,1 

12600 

6,8 

7,1 

6,5 

6,5 

6400 

4,2 

4,2 

3,5 

3,9 

13400 

7,4 

7,4 

6,0 

6,7 

7300 

4,6 

4,6 

4,4 

4,3 

13900 

7.9 

7,6 

6,8 

6,8 

8100 

5,6 

5,1 

4,5 

4,7 

14500 

8,0 

7,8 

6.7 

7,0 

8:kX) 

5,2 

5.2 

4,8 

4,8 

15200 

7.1 

8,0 

7.4 

7,2 

9500 

5.7 

5,8 

5,6 

5,3 

16300 

7,4 

8,2 

7,1 

7,4 

Pig.  2.  Dependence  of  the  linear 
compressibility  Aa/a  of  0-0341170 
on  pressure. 


Fig.  3.  Dependence  of  die  linear 
compressibility  Ab/b  of  n-C34H7o 
on  pressure. 


Thus,  a  polymorphic  transition  of  n-Cs4il7o,  accompanied  by  partial  conversion  of  the  crystals  from  die 
rhombic  into  the  triclinic  modification,  was  detected  under  high  pressures  at  room  temperature;  this  transition 
is  virtually  irreversible  at  room  temperature  (in  x-ray  pattern  d  of  Fig.  1,  after  release  of  pressure,  only  the  lines 
of  the  triclinic  phase  are  retained). 

Investigation  of  the  Rhombic  Modification  of  n-C34H 7 q  at  Pressures  up  to  16000 
kg  /c  m* 

The  x-ray  patterns  of  n-C3^75  make  it  possible  to  determine  the  constants  a  and  b  of  the  R- modification 
under  various  pressures,  and  thus  to  estimate  the  compressibilities  Aa/a  and  Ab/b.  The  calculations  were  based 
on  the  effective  radius  of  the  camera  determined  for  each  x-ray  pattern  from  the  photograph  obtained  at  atmos¬ 
pheric  pressure  before  compression  of  the  sample.  The  linear  compressibilities  0-0341170  at  various  P  are  given 
in  Table  2.  The  relationships  between  Aa/a  and  Ab/b  and  P  may  be  represented  analytically  by  second  degree 
polynomials  the  coefficients  of  which  were  found  by  die  method  oi  least  squares: 


Aa/a  =  74-10-’  />_140.10->2  pa, 

A 6/6  =  70-10-’  P  —  150-10-12  pa. 

The  calculated  values  of  Aa/a  and  Ab/b  are  given  in  Table  2.  The  average  deviation  between  the  ex¬ 
perimental  and  calculated  values  of  Aa/a  and  Ab/b  is  7-8%,  and  the  maximum  deviation  is  1S%.  Graphical 
plots  of  the  above-mentioned  polynomials  and  the  experimental  points  are  given  in  Fig.  2  and  3. 

It  is  important  to  note  that  the  linear  compressibility  of  die  n-C34ll7o  crystal,  like  the  compressibility  of 
n-C33H42  and  0-0331144  [2]  is  approximately  10%  greater  in  direction  a  than  in  direction  b.  At  the  same  time, 
anisotropy  of  thermal  expansion  of  paraffins  in  the  a  and  ^  directions  has  been  reported  [3,  4]  (the  coefficient  of 
thermal  expansion  in  the  a  direction  is  3.5-4  times  the  coefficient  of  expansion  in  the  b  direction). 

Distances  between  nearest  hydrogen  atoms  aS  nei^boring  molecules  at  pressures  up  to  16000  kg/cm*  are 
given  in  Table  3.  The  table  is  based  on  geometrical  analysis  with  the  aid  of  the  following  parameters:  C  —  H 
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TABLE  3.  Shortest  H...H  Intermolecular  Distances  (in  A)  in 
n-Cj4H7o  Crystals  under  High  Pressures  (for  symbols,  see  [7]) 


Pressure,  kg/cm^ 

Atoms 

3000 

1  OlINt  I 

1  1 

10700 

12000 

13'iO<J 

1  l.V>00 

111. ..Ha 

2,'W 

2,:i() 

2,2:» 

2  2.'} 

2,20 

2,18 

2,10 

II0...II4  ' 

2,8:1 

2,72 

2,68 

2,04 

2,67 

2,o;i 

2,01 

IU...II; 

:  2,41 

2,:iu 

2,24 

•>  1 

1  -t-l 

2,H) 

2,20 

2,14 

TABLE  4.  Concentration 
of  T -Phase  in  Same  Sample 
at  Different  Pressures 


P,  kg/cm* 

'  Cj.  *70 

.7200 

|ti 

!I8IH» 

20 

1  't.VHI 

.70 

Ir/It 


Fig.  4.  Variation  of  with  the 
concentration  of  the  T-phase  (C^, 
^o)  in  R  +  T  mixtures. 


1.12  A  [5]  and  C  -  C  1.53  A,  distance  between  two  consecutive  nonvalence- 
bonded  carbon  atoms  in  the  chain  2.54  A,  ^b  =  41.2*, e  =  112*  [6]. 

The  R  T  Polymorphic  Transition  in  n-Ca4H7n 

As  already  stated,  the  transition  from  the  rhombic  to  the  monoclinic 
modification  is  not  complete  in  the  pressure  range  studied.  We  used  quan¬ 
titative  phase  analysis  for  estimating  the  amount  of  triclinic  phase  formed 
at  any  given  pressure.  Mixtures  of  die  paraffins  n-Cj5H42  and  n-Cs4H7o  of 
the  following  composition  were  prepared  by  fusion:  1)  20<yo  +  80<yo;  2)  + 

+  66<yo;  3)  50‘yo  +  50<yo;  4)  90<yo  +  IQiyo.  By  photometric  analysis  of  the 
x-ray  patterns  of  the  mixtures  with  the  MF-4  microphotometer  we  deter¬ 
mined  the  variations  of  the  relative  intensity  of  the  two  lines  for  the  R-  and 
T- modifications,  lR/I'j',with  the  concentration  of  the  T  -phase  (Cj<7o);  this 
relationship  is  plotted  in  Fig.  4  is  the  intensity  of  the  (110)  line  of  the 
R-modification,  I-j.  is  the  intensity  of  the  T-phase  line  of  d  =  3.56  A].  The 
curve  was  plotted  from  five  points,  for  20,  34,  50,  90,  and  100<yo  of  the 
T-phase.  The  intensity  of  each  line  was  estimated  from  the  height  of  the 
maximum,  which  was  more  accurate  in  this  case  than  estimation  from  the 
area  of  the  whole  maximum  (maxima  of  nei^boring  lines  overlap  owing 
to  dieir  proximity).  The  relationship  in  Fig.  4  makes  it  possible  to  estimate 
the  amount  of  T-phase  formed  in  the  transition.  The  results  show  that  the 
transition  begins  at  P  =  5000  kg/cm*.  The  amount  of  T-phase  in  the 
sample  increases  with  increasing  pressure. 


Data  on  the  T-phase  contents  of  the  same  sample  under  different  pressures  are  given  in  Table  4. 

It  was  found  from  a  large  number  of  experiments  that  an  average  of  about  40<yo  of  the  triclinic  modifica¬ 
tion  is  formed  at  P  =  12000  kg/cm*,  and  about  bO-^o  at  P  =  14000  kg/cm*.  In  some  instances  the  amount  of  the 
T-phase  in  die  samples  reached  65<yo  at  pressures  of  6000-8000  kg/cmz. 


Fig.  5.  X^ray  patterns  of  n-C34H7(j.  Cassette  diameter  86  mm  for 
patterns  a,  b,  c,  and  ds  114  mm  for  e.  CuKa  radiation. 
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The  Residual  Effect  and  Activation  Energy  of  the 
T-»-R  Transition  in  n-CaiHra- 

The  R-*-T  transition  of  n-C3^70  is  virtually  irreversible  at  room 
temperature.  Figure  5  shows  x-ray  patterns  of  the  same  sample  of  n- 
C84H70:  a)  1  kg/cm*  (before  compression):  b)  5700  kg/cm*,  .C'p  =  58®7o; 
c)  7500  kg/cm*,  Cj  =  66^c;  d)  1  kg/cm*  (after  release  of  pressure),  C-j* 
j  i  =  65*70;  e)  1  kg/cm*,  Cj  =  65“7o  (the  x-ray  pattern  e  was  taken  a  month 

7  and  a  half  after  d).  Therefore  after  the  pressure  has  been  released  the 

sample  consists,  for  an  indefinitely  long  time,  of  a  mixture  of  the  R- 
ith  1/T  T- modifications  of  the  same  composition  as  the  sample  under  pres¬ 

sure;  consequently  the  rate  of  the  T-^R  transition  at  room  temperature 
is  virtually  zero.  The  fact  that  the  R-  and’ T-modifications  can  exist  simultaneously  indicates  that  their  free 
energies  are  similar.  However,  the  T-phase  is  not  stable  under  atmospheric  pressure;  it  disappears  on  heating. 

This  effect  was  utilized  in  determination  of  the  activation  energy  of  the  T-^R  transition.  Suppose  that  after  ex¬ 
posure  to  high  pressure  a  sample  contains  Cj  of  the  T-phase  at  room  temperature  T^  *K;  at  temperature  (T2>  T^) 
the  amount  of  T-phase  in  it  decreases  in  unit  time  to  Cj:  the  rate  of  the  phase  transition  at  T2  is  v=  l—C^/Ci. 

It  is  known  that  v  ocexpt  (— u/rT),  where  U  is  the  activation  energy  of  a  polymorphic  transition. 

Having  determined  v  at  different  temperatures  experimentally,  we  estimated  the  activation  energy  U  for 
n-C84H7o  from  the  slope  of  die  In  v=  f(l/T)  line,  equal  to  U/R  (Fig.  6).  The  value  found  was  U  =  16  *  4  kcal/mole. 
For  determination  of  v— T  data,  samples  containing  mixtures  of  the  T-and  R-modifications  (as  the  result  of  previous 
action  of  high  pressure)  were  annealed  for  half  an  hour  in  a  thermostat  (the  annealing  temperature  was  recorded 
to  witiiin  ±  0.5*);  the  concentration  of  the  T-phase  of  the  sample  before  and  after  annealing  was  found  by  photo¬ 
metric  analysis  of  the  x-ray  patterns. 

Conditions  Favoring  the  R  T  Transition  in  n-Cs(,H62»  n-Cs2H66'  n-C84H7o 

It  is  interesting  to  compare  the  results  obtained  under  high  pressures  for  the  paraffins  n-C3(,H82.  n-C82Hg4,  and 
n-Cs4H7o.  The  R  -*  T  phase  transition  was  detected  in  n-C3oH62  and  n-Cs2H64  under  quasihydrostatic  pressure;  under 
hydrostatic  pressures  up  to  14000  kg/cm*  only  lines  (rf  the  R- modification  are  present  in  the  x-ray  patterns  (rf 
n-C8oH52  and  n-CsTHse  [2].  The  results  of  high -pressure  investigations  of  n-C3oH62.  n-C82He4,  and  n-C34H7o  appear  dif¬ 
ferent  at  first  sight.  However,  different  x-ray  cameras  were  used  in  investigations  of  these  substances.  It  is  pos¬ 
sible  that  differences  in  the  behavior  of  n-C3oH62.  n-Cs2H64,  and  n-Cs4H7o  may  be  explained  by  differences  in  the 
character  of  the  pressure  acting  on  the  sample  during  the  experiment.  To  test  this  hypotiiesis,  we  carried  out  an 
additional  investigation  of  n-C3oHe2  and  n-C32He4  under  high  pressure  in  the  x-ray  camera  used  in  die  present 
investigation  (the  n-C3oH62  and  n-C32H66  samples  were  the  same  as  in  [2]).  Figure  7  shows  four  x-ray  patterns  (rf 
n-C3oH62  taken  on  the  same  film  in  this  camera:  a)  1  kg/cm*, .b)  10800  kg/cm*,  c)  9900  kg/cm*,  and  d)  1  kg/cm* 


Ln,ir 

-IJO 

-1,30 

-0,00 

-0,50\ 


3,2  3,3 

Fig.  6.  Variation  of  In  v 


Fig.  7.  X-ray  patterns  of  n-C3oHg2.  Cassette  diameter  86  mm, 
CuKa  radiation. 


Fig.  8.  X-ray  patterns  of  n-C32H84.  Cassette  diameter 
86  mm,  CuKa  radiation. 
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(after  release  of  pressure).  Figure  8  shows  analogous  patterns  of  n-CsjHg*  taken  with  the  same  camera:  a)  1  kg 
per  cm*  (before  compression);  b)  8700  kg/cm*;  c)  1  kg/cm*  (after  release  of  pressure).  The  x -ray  patterns  of 
n-CjjHgj  and  n-C32H65  correspond  to  the  R- modification  at  1  kg/cm*  (patterns  7a,  7d,  8a,  and  8c),  and  to  mixtures 
of  die  R-  and  T-modificaiions  at  high  pressures  (patterns  7b,  7c,  and  8b).  Thus,  high-pressure  R-*  T  transitions  in 
n-C3QH«2>  n’CsjHee,  and  n-Cj4H7o,  characterized  by  partial  conversion  of  the  rhombic  into  die  triclinic  modifica¬ 
tions,  have  been  detected.  This  has  demonstrated  once  again  that  the  R  -*  T  transition  in  n-C3oHg2  and  n-C^HM 
depends  on  the  character  of  the  pressure  exerted  on  the  sample. 

In  the  camera  used  in  this  investigation  the  sample  is  subjected  to  stresses  from  the  walls  of  the  plastically 
deformed  beryllium  in  addition  to  the  hydrostatic  pressure.  Therefore,  the  pressure  exerted  on  the  sample  is  not 
purely  hydrostatic,  which  favors  appearance  of  the  T-phase.  In  contrast  to  the  R  -♦  T  transition  in  n-C34H7Q,  the 
corresponding  transitions  in  n-C3oHg2  and  n-C32HM  are  reversible;  on  release  of  pressure  the  T-phase  vanishes 
completely  (T-phase  lines  are  absent  in  patterns  7d  and  8b).  The  cause  of  this  difference  has  not  been  established. 
It  may  be  a  consequence  of  differences  in  the  purity  of  the  samples.  It  is  also  possible  that  the  residual  effect  in 
n-Cs4H7o  is  associated  with  the  fact  that  the  potential  barrier  of  the  T  R  transition  is  increased  with  increasing 
number  of  carbon  atoms  in  the  paraffin  molecule.  It  would  therefore  be  interesting  to  study  n-CggH;^  under  high 
pressure. 

In  conclusion,  the  authors  must  thank  Corresponding  Member  of  the  Academy  of  Sciences  USSR  L.  P. 
Vereshchagin  for  his  interest  and  discussion  of  the  results,  and  V.  G.  Gorshkov  for  help  in  the  experimental  work. 
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X-RAY  INVESTIGATION  OF  THE  SYSTEMS 


BaO  -  WOs,  BaO  -  M0O3  and  BaO  -  TajOs 

E.  S.  Zhmud*  and  E.  P.  Ostapchenko 

Translated  from  Zhurnal  Strukturnoi  Khimii,  Vol.  2,  No.  1, 
pp.  33-45,  January-February,  1961 
Original  article  submitted  February  28,  1959 

In  specimens  in  the  BaO  —  WO3  system  heated  for  2  hr  in  air  at  1200*  formation  of  the  followit^ 
barium  tungstates  was  established  by  x-ray  diffraction:  BaO  •  WOs  (tetragonal  structure;  a  =5,56, 
c  =  12.76  A),  2BaO  •  WO3  (structure  not  interpreted),  and  3BaO  •  WO3  (pseudocubic  face-centered 
structure;  a  =  8.16  A). 

In  the  system  BaO  -  M0O3  (in  specimens  heated  under  the  same  conditions)the  barium 
molybdates  BaO  *  M0O3,  ^a03  *  M0O3  and  3BaO  •  M0O3  are  formed;  these  are  fully  isostruc- 
tural  with  tungstates  of  the  corresponding  compositions.  However,  only  the  molybdate  BaO  * 

*  M0O3  was  detected  in  the  one -phase  state. 

Investigation  of  the  system  BaO  -  Ta305  (specimens  heated  in  hydrogen)  showed  that,  in  ac¬ 
cordance  with  the  heating  temperature,  the  following  barium  tantalates  may  be  obtained :5BaO  • 

•  TajOj  (1000-1300*),  4BaO  •  TajOg  (1400-1500*)  and  7BaO  •  7Ta,Og  (1200-1300*).  Formation  of 
tantalates  BaO  *  TaiOs  and  3BaO  *  7Ta205(or  probably  BaO  •  2.5Ta30s)  was  also  observed,  but 
these  could  not  be  obtained  as  single  phases  at  heating  temperatues  up  to  1500*. 

INTRODUCTION 

Impregnated  and  pressed  cathodes  have  been  developed  in  recent  years  and  are  now  being  used  fairly  wide¬ 
ly  as  diermionic  emitters.  The  active  materials  in  these  cathodes  are  barium  compounds  such  as  3BaO*  WO3, 

3BaO  •  AI2O3,  etc. ,  usually  made  by  sintering  of  mixtures  of  barium  carbonate  with  oxides  of  various  metals 
(W,  Mo,  Ta,  Al,  Zr,  Th,etc.)  in  air  or  hydrogen  at  temperatures  of  the  order  of  1200*.  It  should  be  noted  that 
some  of  these  compounds,  as  for  example  3BaO  •  WO3,  were  obtained  comparatively  recently  [1,  2]  in  investiga¬ 
tions  of  oxide  and  L-cathodes.  Previously  only  die  compounds  BaW04  in  die  system  BaO  —  WO3  and  BaM04  in 
the  system  BaO-  M0O3  were  known;  information  about  compounds  formed  in  the  system  BaO  —  Ta205  is  restricted 
to  references  to  aqueous  barium  meta-and  hexatantalates  [3]. 

Investigation  of  systems  consisting  of  barium  oxide  and  oxides  of  metals  such  as  W,  Mo,  Ta,  Nb,  Ti,  Th,  Zr, 
V,  Hf,  etc.  is  of  considerable  interest  for  cathode  electronics  at  the  jxesent  time,  both  with  regard  to  the  possible 
formation  of  new  compounds  with  high  barium  oxide  contents,  and  with  regard  to  the  conditions  for  their  forma¬ 
tion.  It  is  also  important  to  study  die  structures  of  the  compounds  formed  and  to  correlate  dieir  structural  and 
emissive  properties. 

The  systems  investigated  in  die  present  work: 

BaO  -  WO3,  BaO  -  M0O3  and  BaO  -  TajOs 

were  studied  mainly  by  die  x-ray  diffraction  mediod,  which  gives  the  most  objective  data  on  the  phase  composi¬ 
tion  of  the  compounds  formed  and  makes  it  possible  to  establish  their  structure. 
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EXPERIMENTAL 

Specimens  for  the  Investigation.  For  preparation  of 
the  specimens,  mixtures  of  barium  carbonate  with  the  appropriate  metal 
oxide  were  heated  in  air  or  in  some  instances  in  hydrogen.  It  was  as¬ 
sumed  that  the  compounds  were  formed  in  these  systems  in  accordance 
widi  the  reaction 

,  niMvxOji  --  /tCO’, 

where  .\1(\(>„  \V( ).(,  MoO.t,  'raiO.-,. 

The  composition  of  the  specimens  used  are  given  in  Tables  2,  5, 

and  6. 

The  starting  materials  were  first  mixed  in  a  jasper  mortar  in  the  dry  state,  and  then  with  addition  of  alcohol. 
As  the  alcohol  evaporated,  the  mixture  turned  into  a  claylike  mass  which  was  molded  in  the  shape  of  small  bricks. 
These  specimens  were  placed  on  disks  made  from  alundum  or  steatite  ceramics:  in  most  cases  the  specimens  which 
were  to  be  investigated  further  were  stood  on  supports  made  from  the  same  mixture  as  the  specimen,  so  that  there 
was  virtually  no  risk  of  products  formed  by  reactions  of  the  specimen  with  the  ceramic  material  contaminating 
die  sf>ecimen  (Fig.  1).  Specimens  of  all  the  systems  were  heated  in  air  in  a  muffle  furnace  for  2  hours  at  definite 
temperatures;  the  temperature  was  usually  raised  at  the  rate  of  lOO’/hr  and  the  sjjecimens  were  cooled  with  the 
furnace. 

Specimens  of  die  BaO-  WO3  system  were  heated  in  air  at  1200*  (specimens  of  certain  compositions  were 
also  heated  at  lower  temperatures). 

All  specimens  of  the  BaO  -  MoOj  system  were  heated  in  air  at  1200,  1000,  800,  and  500*.  The  heating 
temperature  was  lowered  from  1200"  to  500*  because  compositions  of  high  M0O8  contents  were  almost  complete¬ 
ly  volatilized  even  at  800*. 

Specimens  of  the  system  BaO  -  TajOs  were  heated  in  air  at  1100,  1200,  and  1300*  ,  and  in  hydrogen  at 
temperatures  from  900  to  1600*  in  100*  steps.  The  reason  for  this  wide  temperature  range  was  that  the  reaction 
products  in  the  specimens  (especially  with  high  Ta^Os  contents)  consisted  of  several  phases  with  similar  inter- 
planar  spacings;  in  some  cases  reliable  identification  of  the  composition  of  the  specimnes  was  almost  impossible 
because  of  this. 

All  the  specimens  of  any  one  batch  were  heated  simultaneously  in  order  that  errcMTs  in  determinaticxis  of 
the  phase  composition  due  to  probable  fluctuations  of  the  furnace  temperature  could  be  avoided. 

The  phase  composition  of  the  specimens  was  determined  by  x-ray  diffraction  with  copper  radiation.  The 
x-ray  patterns  were  obtained  with  cameras  of  the  RKD  type  (diameter  57.3  mm;  sample  diameter  0.6  mm)  in 
the  URS-55  and  URS-70  instruments,  and  also  in  the  URS-50I  instrument  with  ionization  recording  of  the  dif¬ 
fraction  pattern. 


TABLE  1 .  Interplanar  Spacings  and  Relative  Intensities  of  X-ray  Diffraction  Lines 
of  tlie  WO5  Used  in  This  Investigation 
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Fig.  1.  Specimen  on  a  ceramic  disk 
before  heating. 
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Fig.  2.  Diffractogratns  of  the  original  substances 
and  barium  tungstates  (abscissa  -  2  6,  ordinate- 
relative  intensity):  1)  BaCO,,  2)  3  BaO  •  WOs, 

3)  2BaO  •  WOj,  4)  BaO  •  WO3,  5)  BaO  •  2WO,, 
6)  WO3 


The  specimens  for  investigation  in  the  URS-50I  in¬ 
strument  were  made  by  pressing  of  the  powder  to  be  studied 
into  a  special  aluminum  support.  The  counter  speed  was 
2*/min  and  the  speed  of  the  recorder  chart  was  2  cm/min. 

X-ray  phase  analysis  of  barium  carbonate,  which  was 
one  of  the  initial  components  in  all  three  systems,  gave 
values  of  the  interplanar  spacings  which  completely  agreed 
with  literature  data  [4].  The  interplanar  spacings  of  the 
tungsten  trioxide  used  in  the  work  (Table  1)  differed  from 
the  literature  data. 

Molybdenum  trioxide  was  prepared  by  calcination  (A 
ammonium  molybdate  (NH4)2Mo04  in  air  at  600*.  The  in¬ 
terplanar  spacings  of  the  M0O3  were  close  to  the  values  gi¬ 
ven  in  tables. 

The  original  tantalum  pentoxide  was  prepared  by 
calcination  of  tantalum  powder  in  air  at  600*.  Its  inter¬ 
planar  spacings  coincided  completely  with  the  values  given 
for  the  low-temperature  6 -form  of  Ta^Os  [5].  When  heated 
for  2  hr  in  hydrogen  at  1400*  and  higher. tantalum  pentoxide 
is  completely  converted  into  die  low-temperature  form  (a- 
TajOg). 

The  System  BaO  -  WO3.  The  results  of  x-ray 
phase  analysis  of  specimens  in  the  system  BaO  -  WO3  to¬ 
gether  with  the  results  of  external  visual  inspection  of  these 
specimens  are  given  in  Table  2.  It  should  be  noted  diat 
in  this  and  subsequent  tables  of  the  same  type  the  sequence 
in  which  die  phases  are  recorded  is  determined  by  the  in¬ 
tensity  of  die  strcMigest  line  of  each  phase;  i.e.,  the  first 
phase  recorded  is  the  one  with  die  highest  intensity  of  the 
strongest  line. 

It  is  clear  from  this  table  diat  one -phase  products  in 
the  system  BaO  -  WO3  are  formed  (under  the  temperature 
conditions  studied)  at  molar  BaC03  •  WO3  ratios  of  1:1, 2:1, 


TABLE  3.  Interplanar  Spacings  and  Relative  Intensities  of  X-ray  Diffraction  Lines 
of  Barium  Tungstates 
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'emperature  raised  during  about  5  hours;  cooling  with  furnace. 
Temperature  raised  during  about  6  hours;  cooling  with  furnace. 
•  Temperature  raised  at  100*/hour,  cooling  witii  furnace. 


and  3;1.  Interpretation  of  the  x-ray  patterns  d*  these  specimens 
confirmed  the  formation  of  the  known  barium  tungstates  BaO*  WO3 
(at  1:1  ratio)  and  3BaO  •  WO5  (at  3:1  ratio)  [6].  The  diffractograms 
of  these  tungstates  are  given  in  Fig.  2,  and  Table  3  gives  the  inter - 
planar  spacings.  The  BaO  •  WOs  lattice  is  tetragonal,  with  the  con¬ 
stant  a  =  5.56,  c  =  12.76  A.  The  3BaO  •  WOs  lattice  is  pseudo- 
cubic,  face  centered,  witfi  a  =  8.61  A  [7].  The  interplanar  spacings 
for  the  compound  2BaO  •  WOs  formed  at  BaCOs:  WOs  “  2:1  initial 
ratio,  are  also  given  in  Fig.  3.  The  structure  of  this  compound  has 
not  been  fully  interpreted. 

With  more  than  three  molecules  of  barium  carbonate  per 
molecule  of  tungsten  trioxide  in  the  original  mixture  the  solid- 
phase  reaction  results  in  the  formation  of  the  "triple"  tungstate 
3BaO  •  WOs  and  a  considerable  amount  of  barium  carbonate  re¬ 
mains  unchanged.  Increase  of  the  time  of  heating  at  1200*  from  2 
to  5  hr  does  not  lead  to  any  other  results. 

At  BaCOs:W03  ratios  of  7:3  and  6:4  mixtures  of  two  phasesare 
formed:  3BaO  •  WOs  and  2BaO  •  WOs  1"  ^1^^  former  case,  and  BaO* 

•  WO3  and  2BaO  *  WOs  1^  latter. 

Specimens  with  BaCOs:WOs  ratios  of  1:2  and  3:7,  heated  at  1200*,  melted  completely  and  "percolated" 
through  the  ceramic  support.  When  specimens  of  the  same  compositions  were  heated  in  air  at  1000*  they  also 
melted,  but  the  melt  did  not  "percolate"  through  the  ceramic  material  because  it  solidified  after  cooling,  and 
could  not  be  detached  from  the  ceramic  material.  These  specimens  were  kept  on  the  ceramic  material  for  x-ray 
phase  analysis.  The  diffractogram  of  tl>e  solidified  melt  is  given  in  Fig.  2  (curve  5).  It  must  be  pointed  out  that 
the  surface  of  the  solidified  melt  was  rather  uneven  (spongy) ,  so  that  its  x-ray  pattern  may  have  been  somewhat 
imperfect. 

When  the  temperature  at  which  specimens  of  these  compositions  were  heated  was  lowered  it  was  found 
that  they  melt  at  940-950*;  the  specimen  of  1:2  composition  melted  more  actively  than  the  specimen  of  3:7  com¬ 
position,  which  suggested  that  in  this  case  a  one -phase  reaction  product  of  the  formula  BaO  *  2WOs  ^  formed. 

Faint  lines  corresponding  to  this  compound  were  found  in  x-ray  patterns  of  the  heated  specimens  with  component 
ratios  of  4:6,  1:4,  and  1:9,  the  principal  phase  in  the  first  of  these  was  barium  tungstate  BaO  *  WOs, 
two  others  WOs. 


Fig.  4.  Specimens  in  the  BaO  -  MoOs  system,  heated  in  air  at  1000*. 
Specimens  containing  80  and  90%  MoOs  (top  row,  right)  volatilized 
almost  completely;  specimens  of  2:3,  1:2  and  3:7  composition  (top 
left)  contained  a  phase  melting  at  1000*;  specimens  9:1, 4:1,  3:1, 

7:3  and  1:1  composition  (bottom  row,  left  to  right)  retained  the  "brick" 
shape. 
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Fig.  5.  Diffractograms  di  specimens  in 
the  system  BaO-TajOs,  heated  in  hydro¬ 
gen  at  1200*.  Composition  of  specimens 
(BaCOjiTajOj):  1)  9:1;  2)  7;1;  3)  5:1; 
4)  4.5:1;  5)  4:1;  6)  3:1;  7)  7:3;  8)  2:1; 
9)  3:2;  10)  1:1;  11)  2:3;  12)  3:7,  13) 
1:4;  14)1:9;  15)  TajOj 


The  formation  of  a  compound  with  such  a  low  melting  point 
in  the  system  BaO-  WO,  is  of  definite  interest;  accordingly,  pre¬ 
liminary  experiments  on  the  formation  and  behavior  of  this  com¬ 
pound  were  carried  out.  It  was  found  that  when  a  specimen  of  1:2 
composition  is  held  in  the  furnace  for  several  minutes  at  950*  the 
melt  begins  to  "boil".  If  it  is  removed  quickly  from  the  furnace  it 
hardens  rapidly  and  becomes  greenish  (if  removed  immediately 
after  formation  of  the  melt)  or  yellowish  (if  held  in  die  furnace  at 
950*  for  some  time).  If  the  specimen  is  taken  out  of  the  furnace 
before  complete  fusion  a  small  region  of  a  pale  lettuce  color,  with 
a  smooth  surface,  remained  on  the  ceramic  material  in  the  center 
of  the  specimen.  X-ray  phase  analysis  of  such  a  specimen  showed 
that  in  addition  to  the  newly  formed  compound  BaO  •  2WO3  the 
tungstate  BaO  *  WO,  and  free  tungsten  oxide  are  present  When  die 
heating  temperature  was  lowered  to  930,  900,  and  850*  it  was  found 
that  at  these  temperatures  the  tungstate  BaO  *  WO,  is  farmed  in 
specimens  of  1:2  composition  and  a  considerable  amount  of  un¬ 
changed  tungsten  trioxide  remains. 

For  elucidation  of  the  processes  taking  place  at  these  tem¬ 
peratures  a  mixture  of  BaO  *  WO,  and  WO,  in  1:1  molar  ratio  was 
specially  prepared  (the  tungstate  BaO  *  WO,  was  made  by  heating 
of  BaCO,  WO,  mixture  at  1200*);  when  diis  mixture  was  heated 
at  940-950*  the  same  results  were  obtained  as  with  BaCO^  +  2WO,. 
These  results  show  that  the  mixture  of  BaO  •  WO,  +  WO,  which  is 
formed  in  BaCO,  +  2WO,  specimens  at  temperatures  below  850* 
melts  with  formation  of  a  compound  to  which  the  formula  was 
ascribed. 

The  kinetics  of  formation  of  various  barium  tungstates  in  the 
system  BaO  —  WO,  was  not  studied  specially  in  this  investigation, 
but  a  number  of  experiments  showed  that  formation  of  BaO  •  WO, 
goes  to  completion  even  at  850*  (in  2  hr).  At  the  same  temperature 
the  tungstate  2BaO  •  WO,  appears  in  ^aCO,  +  WO,  mixture,  but 
the  tungstate  BaO  '  WO,  and  unconverted  barium  carbonate  are  also 
found  in  the  specimen.  In  the  mixture  3BaCO,  +  WO,  at  850*  the 
tungstates  BaO  •  WO,  and  2BaO  •  WO,  are  formed  (unchanged 
BaCO,  also  remains),  while  tracesof  the  tungstate  3BaO  •  WO,  ap¬ 
pear  only  after  this  mixture  has  been  heated  for  2  hr  at  950*.  Thus 
it  may  be  supposed  that  the  tungstate  2BaO  •  WO,  is  formed  dur¬ 
ing  further  heating  of  the  mixture  of  BaO  •  WO,  formed  witfi  BaCO,. 
while  the  tungstate  3BaO  *  WO,  is  formed  when  a  mixture  of  28aO« 

•  WO,  with  BaCO,  is  heated. 

The  x-ray  phase  analysis  of  these  three  barium  tungstates 
was  repeated  after  they  had  been  kept  for  a  long  time  (about  5 
months)  in  air  at  room  temperature;  it  was  found  that  their  struc¬ 
ture  remained  without  change. 

Electron  micrographs  of  barium  tungstate,  obtained  with  die 
EM-3  instrument,  showed  (Fig.  3)  that  the  crystals  of  die  tungstate 
tungstate  3BaO-WO,  in  contrast  to  the  tungstates  2BaO*WO,  and  BaO- 
•WO,  are  of  specific  acicular  form. 


The  System  BaO  -  MoO,.  The  results  of  x-ray  phase 
analysis  of  specimens  in  the  system  BaO  -  MoO,,  heated  at  various  temperatures,  are  given  in  Table  4. 


The  following  conclusions  may  be  drawn  from  this  table. 
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Fig.  6.  Diffractograms  of  barium  tantalates:  1)  5BaO  •  Ta205; 
2)  4BaO  •  TajOj*.  3)  7BaO  .  3Ta^5 


TABLE  6.  Relative  (Visual)*  Line  Intensities  and  In- 
terplanar  Spacings  of  Barium  Tantalates 
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1.  In  specimens  with  predominant  molybdenum 
trioxide  contents  (and  at  500*  also  in  the  specimen  con¬ 
taining  50<^  MoOs)  a  compound  is  formed  to  which,  by 
analogy  with  tungstates,  the  formula  BaO  •  2MoOs  may 
be  ascribed.  It  should  be  noted  that  specimens  with 
BaCO|:MoO|  ratios  of  1:2  and  3:7  (heated  at  800  and 
1000*)  externally  resemble  die  corresponding  specimens 
in  the  BaO  —  WO|  system  heated  at  above  940*  (Pig.  4). 
However,  in  contrast  to  the  BaO  —  WO|  system,  this 
compound  was  not  obtained  as  the  single  phase  in  any 
of  our  molybdate  specimens. 

2.  The  molybdate  BaO  •  MoO|  obtained  as  the 
single  phase  when  specimens  of  1:1  composition  were 
heated  at  800*  and  higher,  is  formed  even  at  500*; 
however,  at  that  temperature  die  reaction  is  not  com¬ 
pleted  widiin  2  hours  whatever  die  component  ratio  may 
be,  and  original  substances  (BaCOj  and  MoO|)  are  pres¬ 
ent  in  all  the  heated  specimens. 

3.  The  molybdate  2BaO  *  MoOi  is  formed  after 
the  specimens  have  been  heated  at  1000  and  1200*; 
specimens  heated  at  500  or  800*  do  not  contain  this 
compound. 


4.  The  molybdate  is  present  as  traces  in  die 
products  of  the  reaction  at  1000*;  therefore,  this  mo¬ 
lybdate  begim  to  form  at  or  near  this  temperature.  Specimens  heated  at  1200*  contain  considerable  amounts  of 
3BaO  *  MoO^ 

5.  Barium  molybdate  BaO  *  MoO|  was  obtained  as  a  single  phase,  whereas  the  molybdates  2BaO  •  MoO| 
and  3BaO  *  MoOy  were  obtained  only  in  mixtures  with  other  phases  (BaO  •  MoO|,  BaCO|). 


Fig.  7.  Diffractograms  of  a  specimen  of  4BaCQg  +  Ta^O^, 
heated  in  hydrogen  at  various  temperatures:  1)  1000* 

(5BaO  •  TajOj  +  trace  7BaO  •  3Ta|Og):  2)  1100*  (5BaO« 

•  TajOj  +  4BaO  •  TajOj);  3)  1200*  (4BaO  •  TajOj  +  5BaO. 

•  TajOj);  4)  1400*  (4BaO  •  TajOj);  5)  1600*  (4Ba0.Ta,05  + 
+  TBaO  •  3Ta205)  6)  1700*  (4BaO  •  TajOj  +  7BaO*  3Ta,05) 
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Attempts  were  accordingly  made  to  obtain  molybdates  of  higher  barium  cc»itents;  for  this,  a  mixture  of  the 
molybdate  BaO  •  M0O3  and  barium  carbonate  was  heated  in  air  (2  hr  at  1200*);  the  specimens  were  in  the  form 
of  small  bricks.  At  the  molar  ratio  BaO  •  MoOjiBaCOj  =  1:1  the  molybdate  2BaO  •  MoO|  was  obtained.  However, 
it  proved  to  be  very  unstable  and  was  reconverted  into  the  original  mixture  after  24  hr. 

It  should  be  noted  that  the  x-ray  patterns  of  BaO  *  MoO|  and  BaO  •  WO|  are  almost  completely  indentical 
(the  interplanar  spacings  and  line  intensities  are  similar).  The  structures  of  28aO  •  MoO|  and  3BaO  •  MoO|  are 
also  similar  to  die  structures  of  the  tungstates  2BaO  •  WOs  and  3BaO  •  WO3  respectively. 

The  System  BaO  -  Ta^Og.  The  results  of  x-ray  phase  analysis  of  specimens  in  the  system  BaO  — 

—  Ta205  heated  in  hydrogen  for  2  hr  are  given  in  Table  5. 

When  specimens  in  this  system  were  heated  at  900,  1200,  and  1400*  the  results  did  not  differ  qualitatively 
from  the  results  at  1000, 1300,  1500,  respectively.  Heating  in  air  (1100,  1200,  1300*)  gave  almost  the  same  re¬ 
sults  as  heating  in  hydrogen  at  the  corresponding  temperatures. 

The  diffractograms  of  specimens  in  the  system  BaO  -  Ta2C)5 ,  heated  in  hydrogen  at  1200*,  are  given  in 
Fig.  5. 

Table  5  shows  that  single-phase  reaction  products  were  obtained  at  BaCO|;  Ta203  ratios  of  5:1  at  1000- 
1300*;  4:1  at  1400-1500*;  and  7:3  at  1200-1300*. 

Accordingly,  the  formulas  5BaO  •  Ta205,  4BaO  •  Ta205  and  7BaO  •  3Ta20g  respectively  were  ascribed  to 
these  compounds.  The  diffractograms  of  these  compounds  are  shown  in  Fig.  6,  and  the  interplanar  spacings  are 
given  in  Table  6. 

The  formulas  BaO  *  Ta205  and  3BaO  *  7Ta205  were  ascribed  to  the  compounds  which  were  predominantly 
formed  at  BaCOs:  Ta205  ratios  of  1:1  and  3:7. 
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It  should  be  noted  that  these  compounds  were  not  obtained  as  the  single  phases  at  the  temperatures  given.* 

The  barium  tantalates  5BaO  *  TajOs,  7BaO  •  STasOi  and  BaO  •  Ta^Os  are  formed  at  temperatures  of  die 
order  of  900-1000*,  and  formation  of  5BaO  •  Ta^Os  in  the  corresponding  mixture  is  complete  even  at  1000*.  Com¬ 
plete  formation  dl  the  tantalate  7BaO  •  3Ta205  under  these  conditions  took  place  at  1300*.  The  tantalates  4BaO> 

«  TajOs  and  3BaO  •  begin  to  appear  only  at  1100*.  It  is  interesting  to  note  that  when  a  mixture  of  the  com¬ 

position  4BaCO|  +  TaiOg  is  heated  at  1500*  the  single  phase  4BaO  *  TaiOf  is  formed;  on  further  rise  of  the  heating 
temperature  two  phases  appear,  probably  as  the  result  of  partial  reduction  of  barium  oxide  in  hydrogen. 

P'2.  7.  shows  die  diffractograms  of  the  reaction  products  in  specimens  of  the  composition  4BaCO|  TajOi, 
heated  at  various  temperatures.  It  follows  from  Table  5  that  similar  results  are  obtained  in  specimens  of  5BaCO|-f 
+  TajOi  and  7BaCO|  +  3Ta2C>5. 

SUMMARY 

1.  Specimens  of  the  system  BaO  -  WO|.  heated  in  air  at  1200*,  contained  the  following  barium  tungstates: 
BaO  •  WOi,  2BaO  •  WOi  and  3BaO  •  WO^.  At  BaCOi:  WO|  *  1:2  ratio  in  the  same  system  a  mixture  of  the  com¬ 
position  BaO  *  WO|  -f  WO2  is  formed;  this  mixture  melts  at  about  940*  with  formation  of  a  compound  of  die  prob*^ 
able  formula  BaO  *  2WO|. 

2.  The  main  reaction  product  in  the  system  BaO  —  WO|  is  the  tungstate  BaO  •  WO|,  formation  of  which  is 
complete  after  the  appropriate  mixture  of  die  original  components  has  been  heated  for  2  hr  at  850*.  All  the 
tungstates  are  stable  in  air  for  a  considerable  time. 

3.  When  specimens  in  the  system  BaO  —  MoO^  are  heated  in  air,  three  compounds  are  likewise  formed  by 
the  solid-state  reaction:  BaO  •  MoO|,  2BaO  •  MoO|  and  3BaO  •  MoO|;  however,  only  the  molybdate  BaO  •  MoO| 
was  obtained  as  a  single  phase,  even  at  1200*.  The  molybdate  2BaO  •  MoO|  was  obtained  as  die  single  phase  when 
a  mixture  of  BaO  *  MoO|  *  BaCO|  was  heated  in  air  at  1200*. 

4.  The  main  compound  in  the  system  BaO  -  MoOi  is  the  molybdate  BaO  •  MoO^  The  structures  of  the 
barium  molybdates  BaO  *  MoO|,  2BaO  •  MoO|.  3BaO  •  MoO|  are  quite  similar  to  the  structures  of  the  correspond¬ 
ing  tungstates. 

5.  When  specimens  of  the  BaO  -  Ta205  system  are  heated  in  hydrogen,  five  barium  tantalates  are  formed 
to  which  the  following  formulas  may  be  ascribed:  5BaO  *  TaiOg,  4BaO  •  TagOg,  7BaO  •  BTagOg,  BaO  •  TagOg  and 
3BaO  *  7Ta20g.  The  compounds  to  which  the  formulas  7BaO  *  BTagOg  and  3BaO  •  7Ta2Pg  are  ascribed  may  in  fact 
be  the  compounds  2.5  BaO  *  TagOg  and  BaO  •  2.5  TagOg;  the  mixtures  corresponding  to  die  latter  compositions 
had  not  been  investigated. 

The  results  obtained  for  die  system  BaO  -  TagOg  cannot  be  regarded  as  completely  reliable  at  this  time, 
because  the  specimens  were  heated  in  hydrogen;  this  may  distort  the  true  phase  picture  somewhat  although  al¬ 
most  the  same  results  were  obtained  when  the  system  was  heated  in  air  at  1100, 1200,  and  1300t 


LITERATURE  CITED 

1.  E  G.  Steward  and  H.  P.  Rooksby,  Nature  157  ,  548  (1946). 

2.  E  P.  Ostapchenko,  Dissertation  (Gos.  soyuzn.  inst.  Ministerstva  radiotekhnicheskoi  prom.,  1954). 

3.  V.  A.  Pchelkin,  A.  F.  Efimov,  and  A.  V.  Lapitskii,  Zh.  obshch.  khimii  1284,  1495  (1954). 

4.  A.  L  Kitaigorodskii,  X-Ray  Structure  Analysis  of  Microcrystalline  and  Amorphous  Substances  [in  Russian] 

(Gostekhizdat,  Moscow,  1952). 

5.  A.  L  Zaslavskii,  R.  A.  Zvinchuk,  and  A.  G.  Tutov,  DokL  AN  SSSR  104,  3,  409  (1955). 

6.  R.  C  Hughes,  P.  P.  Coppola,  and  T.  H.  Evans.  J.  AppL  Phys.  M,  6,  635  (1952). 

7.  E.  G.  Steward  and  H.  P.  Rooksby,  Acta  Cryst.  4,  503  (1951). 


•  The  reaction  products  at  these  temperatures  in  most  cases  consisted  of  several  phases  with  close  values  for  the 
interplanar  spacings  so  that  interpretation  and  identification  of  the  x-ray  patterns  was  difficult.  Accordingly,  the 
formulas  BaO'TagOg  and  3Ba0*7Ta20g  are  somewhat  tentative. 
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The  behavior  of  a  single  crystal  of  1,8-dinitronaphthalene  in  the  temperature  range  from  —195 
to  +  170*  was  studied  by  means  of  microstructural  and  differential  thermal  analysis. 


When  single  crystals  of  1,8-dlnitronaphthalene  were  grown  from  melts  it  was  noticed  [1]  that  they  rapidly 

NO.NOi 

1  I 
/\/\ 

lost  tlieir  transparency  on  cooling.  We  accordingly  investigated  1,8-dinitronaphthalene  |  ||  |  of  m.  p.  169* 

by  means  of  microstructural  and  differential  tliermal  analysis  in  the  temperature  range  between -195  and  +170*. 

A  polarizing  microscope  with  a  universal  stage  [2]  was  used  for  this  purpose;  with  this  instrument  it  was  possible 
to  observe  and  photograph  the  phase  transitions  in  this  temperature  range. 

A  Kurnakov  pyrometer,  calibrated  against  die  melting  points  of  standard  substances,  was  used  for  measure¬ 
ments  of  the  true  phase -transition  temperatures  and  photographic  recording  of  ordinary  and  differential  thermo¬ 
grams.  Platinum  and  gold  —  palladium  wires  0.2  mm  in  diameter  were  used  for  the  microthermocouples.  For 
ordinary  recording  the  thermocouple  junction  was  sealed  directly  in  a  single  crystal  of  1.8-dinitronaphthalene 
weighing  0.009  g  (the  test  specimen),  and  the  other  end  of  the  thermocouple  for  differential  recording  was  sealed 

into  a  single  crystal  of  anthracene  also  0.009  g  in  weight  (standard). 
The  crystals  were  placed  on  a  slide  on  the  universal  stage  so  that 
the  specimens  were  in  the  field  of  vision  of  the  polarizing  micro  - 
scope. 

The  results  revealed  the  existence  of  two  interconvertible 
modifications  of  1,8-dinitronaphthalene.  The  low-temperature 
rhombic  form  II  [3],  stable  under  normal  conditions,  is  reversibly 
converted  into  form  I  at  118-120*  (Fig.  1).  Figure  2  shows  a  single 
crystal  of  1,8-dinitronaphthalene  in  crossed  nicols  at  20*  and  at 
118*,  i.e.,  at  the  point  where  the  phase  transition  begins.  The  dif¬ 
ferential  heating  and  cooling  curves  show  the  n-^I  transition  very 
distinctly,  whereas  the  I  n  transition  is  characterized  by  a  weak 
extremal  for  the  delayed  exothermic  effect.  The  extremal  for  the 
I  II  transition  was  invariably  recorded  at  80-100*  and  not  at  118* 
(Fig.  1).  Thus,  differential  thermal  analysis  revealed  a  consider¬ 
able  shift  (18-38*)  of  the  temperature  of  the  I  -►  II  phase  transition 
relatively  to  that  of  the  II-»I  transition.  This  temperature 
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Fig.  1.  Heating  and  cooling  curves  of  a 
single  crystal  of  1.8-dinitronaphthalene. 
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Fig.  2.  a)  Micrograph  (  X65)  of  a  single  crystal  of  1,8-dinitronaphthalene 
(0.009  g)  at  20*  in  polarized  light;  b)  same  at  +118*.  The  bright  field  re¬ 
presents  the  start  of  the  phase  transition. 


hysteresis  of  the  I  ^ II  phase  transition  is  probably  the  con¬ 
sequence  of  the  nonequilibrium  character  of  the  1,8-dinitro¬ 
naphthalene  phase  transition  under  these  experimental  condi¬ 
tions:  as  Ravich  [4]  points  out,  such  hysteresis  is  a  very  typical 
effect  in  phase  transitions  in  aganic  substances. 

Quantitative  determinations  of  the  heats  of  phase  transi¬ 
tion  and  fusion  of  1,8-dinitronaphthalene  are  of  interest.  These 
values  were  calculated  from  the  formula: 

<?.v 

where  Q  is  the  heat  of  transition  or  fusion  in  kcal  /mole;  M  is 
the  molecular  weight;  S  is  the  area  of  the  peak  on  the  dif¬ 
ferential  thermogram  curve;  the  subscripts  x  and  e  refer  to  the 
test  substance  and  standard  respectively. 


Fig.  3.  Heating  and  cooling  thermograms  of 
1,8-dinitronaphthalene  and  p-toluidine;  1) 
Fusion  peak  of  p-toluidine;  2)  phase  transi¬ 
tion  peak  of  1,8-dinitronaphthalene;  3  and  4) 
fusion  and  crystallization  peaks  of  1,8-dinitro¬ 
naphthalene;  5)  crystallization  peak  of  p-tol- 
uidine. 


The  standard  substances  were  p-toluidine  (m.p.  42*, 

0  =  4.17  kcal/mole)  and  benzamide  (m.p.  128*,  Q  »  4.90 
kcal/ mole).  Comparison  of  the  areas  of  die  fusion  peaks  of 
the  standard  substances  differentially  recorded  on  the  same 
thermogram  showed  that  our  values  agree  to  within  i  widi 
the  literature  data  (the  sample  weights  were  0.042  g).  A  com¬ 
parison  of  areas  of  the  phase  transition  and  fusion  peaks  of 


1.8-dinitronaphthalene  with  those  of  the  standard  substances, 
performed  by  die  same  method,  showed  that  the  heat  of  phase  transition  of  1,8-dinitronaphthalene  is  1.5  kcal 
per  mole,  and  the  heat  of  fusion  is  5.3  kcal/mole.  Figure  3  shows  the  thermograms  of  1,8-dinitronaphdialene, 
and  of  p-toluidine  used  as  standard  (0.042  g  samples). 


In  conclusion,  it  is  my  pleasant  duty  to  thank  the  director  of  the  laboratory,  A.  I.  Kitaigorodskii.for  his  con 
stant  interest  in  the  work. 
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Tlie  self-consistent  molecular  orbital  mediod  was  used  for  calculating  the  ground  states  of  dibcn- 
zenechromium  (CgHgJzCr,  the  cobalticinium  cation  (C5H5)2Co'^  and  chromocene  (CgHsJjCr.  It  was 
found  diat  diese  complexes  have  the  electron  configurations  .  .  .  (3*ig)*,  .  .  .  (a’lgJ^Cj^)^ 

and  .  .  .  (e2g)*(a*ig)^  respectively  [.  .  .  represents  (a^g  aiu)^(eig  em)*].  The  calculated  ionization 
potential  or(C5H5y2Cr  is  4.82  ev,  which  is  70*70  of  the  experimental  value  (6,90  ev).  It  is  predicted 
diat  the  ionization  potential  of  (CgHg)/3!r  should  be  lower  than  those  of  (C5H5)2Cr  and  (C5H5)2Fe. 

Tlie  electron  density  distributions  were  calculated:  Cr'^’^'^fCgHg"  Co  ~®‘®(C6H5'*^®'^2 
0"*^  '"^Csllg' ***®®)2.  The  energies  of  allowed  one-electron  transitions  from  the  higher  occupied 
a*ig  and  e2g  levels  have  been  calculated  for  (C5H5)2Fe  and  (C5H5)2Co''’;  the  results  are  in  good 
agreement  widi  exjjerimental  spectroscopic  data. 

In  the  previous  paper  [1]  we  calculated  the  ground  state  of  the  ferrocene  molecule  by  die  self-consistent 
molecular  orbital  mediod  (Roodiaan's  method  [2]).  In  the  present  communication  this  calculation  is  extended 
to  the  isoelectronic  cobalticinium  cation,  which  differs  from  ferrocene  by  the  presence  of  a  positive  charge.  We 
then  applied  the  same  method  to  an  aromatic  metal  complex  containing  benzene  molecules  (dibenzenechromium) 
instead  of  cyclopentadienyl  rings.  This  compound  differs  from  ferrocene  in  that  the  organic  ligands  do  not  have 
unpaired  electrons,  so  that  all  the  bonds  between  the  metal  and  the  rings  are  effected  only  by  donor- acceptor  or 
dative  interaction.  In  addition,  we  performed  similar  calculations  for  a  molecule  which  may  be  regarded  as  in¬ 
termediate  between  ferrocene  and  dibenzenechromium,  namely  chromocene. 

The  first  two  of  tlie  systems  studied,  (C5Hb)2Co'*'  and  (CgHg)2Cr  are,  like  ferrocene,  diamagnetic,  so  that 
their  singlet  ground  states  were  calculated  in  the  same  way  as  for  ferrocene.  The  chromocene  molecule  in  the 
ground  state  has  two  unpaired  electrons.  Therefore,  the  Roothaan  method  in  its  generalized  form  for  radicals 
[3]  was  used  to  obtain  self-consistency. 

The  matrix  elements  for  cobalticinium  and  chromocene  were  cal¬ 
culated  from  the  formulas  used  for  ferrocene.  The  distances  Co  —  C  2.10  A, 
Cr  —  C  2.19  A  (as  in  dibenzenechromium),  C  -  C  1.43  A,  and  the  effective 
atomic  orbital  charges  of  Co  and  Cr  given  in  Table  1  were  assumed.  In  the 
case  of  dibenzenechromium  the  ring  molecular  orbitals  were  written,  by 
analogy  with  (C5H5)2M,in  the  form  of  purely  effective  linear  combinations 
of  atomic  2p2*oribitals  of  C  atoms  for  a  six-membered  ring  with  uj  -  exp* 
(2ffi/6).  Tne  assignment  of  the  ring  orbitals  and  Cr  atomic  orbitals  to  the 
Dgj^  symmetry  group  was  described  earlier  [4].  Since  each  benzene  ring 
has  six  molecular  orbitals,  the  total  number  of  MO  in  dibenzenechromium 


TABLE  1.  Effective  Charges  in 
Slater  Atomic  Orbitals 


Charge 

Atom 

r 

Cr  I 

1  1  ‘(1  *■ 

1  ,i; 

i 

1 

1 

'li*  i 

— 

(1,8  ' 

IJ 

—  ' 

1  1  ,('• 

1  " 
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TABLE  2.  Spg  Matrix  Elements 


Spq 

(C,H.),Cr 

(C.H,),Cr 

(C,H,),Co+ 

~  *^12 

0,239 

0,242 

0,443 

.9  =-■  •^’13 

0,083 

—0,078 

0,060 

(fllu-  '»/'/)  = 

0,010 

—0,081 

0,209 

(^1g’  —  *^67  *^89 

0,402 

0,397 

0,270 

(«lu’  ^Px^  =  ‘^10.11  “  ‘^12,13 

0,274 

0,319 

0,409 

S  (Cog,  =  •S'i6,i7 

0,201 

0,270 

0,140 

TABLE  3.  Hpg  Matrix  Elements* 


1 

(C,H.),Cr  i 

(C.H,),Cr 

(C.H.),Co+ 

Un 

—3,7953 

—4,1212 

—4,6905 

11,2 

—0,0807 

— 0,08:i8 

—0,1007 

1122 

—3,3334 

—3,7310 

—5,1248 

1133 

-4,4330 

— 4,87.57 

—6,7583 

I144 

—3,79.53 

—4,1212 

1  —4,0905 

Iil3 

— 0,(X).30 

4-0,0280 

—0,07.58 

H53 

—3,5256 

—3,8880 

—5,2739 

—3,6740 

—4,0333 

—4,5094 

llr.7-=  lUo 

—0,14.58 

—0,1.374 

—0,1001 

Htt  ^  ll»o 

—4,4934 

—5,0272 

—0,7902 

lljO.IO  =  II12.I’ 

—3,0740 

—4,0.3.33 

—4,5692 

lllo.ll  =  11 12.13 

—0,0994 

—0,1104 

—0,1484 

llll.ll  =  lll3,I3 

—3,2500 

—3,7309 

— 5,(X)29 

Hu. 11  =  llio.io 

1  — 3,4770 

— 3,8.570 

-4,3728 

Hu. 13  =  11,6,17 

1  —0,0729 

—0,0934 

-0,0508 

Hu,,3=  H,7.,7 

i 

1  —4,2217 

— 4,722(; 

— 0,6359 

11,8,18  =  lljg.lB 

— 3, 4770 

—3,8570 

—4,3728 

*  All  values  are  given  in  atomic  units  (1  at.u.  »  27.21  ev). 

is  21  (in  distinction  from  19  MO  in  complexes  of  the  ferrocene  type).  The  two  additional  orbitals  relate  to  the 
big  and  b2u  symmetry  type  and  are  strongly  antibonding:  they  are  high-level  CjHj  orbitals  without  analogs  among 
the  Or  atomic  orbitals:  dierefore  they  are  of  no  interest  in  relation  to  the  ground  state  of  the  molecule  and  we 
do  not  give  die  energies  of  these  MO.  The  distances  in  dibenzenechromium  were  taken  as:  Cr  —  C  2.19  A  and 
C  -  C  1.40  A. 

The  numerical  values  of  the  matrix  elements  for  all  three  molecules  are  given  above:  Spq  in  Table  2, 

Hpq  in  Table  3,  and  Gpq  in  Table  4.  Table  5  gives  the  final  forms  of  the  self-consistent  molecular  orbitals  and 
their  energies. 

In  all  cases  (including  ferrocene)  the  lowest  bonding  orbital  is  the  orbital  of  a^g  symmetry,  followed  by 
the  a^p  orbital.  The  highest  occupied  orbits  in  all  cases  are  ejg  and  i\‘  eidier  of  these  may  be  the  highest 
in  different  molecules  (e^g  in  ferrocene  and  cobalticinium.  ana  a'lg  in  dibenzenechromium  and  chromocene). 

It  is  significant  that  the  energies  of  the  e^g  and  a'^g  levels  are  similar,  so  that  each  molecule  has  really  three 
quasidegenerate  levels.  This  is  in  agreement  with  McConnell's  experimental  data  on  paramagnetic  resonance  of 
vanadicene  [5]  the  three  unpaired  electrons  of  which  are  distributed  over  the  e^g  and  a'^g  levels. 
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TABLE  4a.  Gpq  Matrix  Elements  for  the  Cobalticinium  Cation  (p  =  line;  q  =  column) 
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zero  its  value  is  given  under  die  value  of  the  Coulomb  integral.  All  values  are  in  atomic  units. 
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See  foomote  to  Table  4a. 


TABLE  4c.  Gnn  Matrix  Elements  for  Dibenzenechromium 
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TABLE  5.  Molecular  Orbitals  of  Complexes  and  MO  Energies 


1 

1 

Symmetry 

1 

1 

Molecule 

Bonding  MO  I 

1 

Antibonding 

MO 

form  of  orbital 

energy (ev) 

energy  (ev) 

r:o  (C5lU)+ 
Cr(C,ll6)2 

Cr  (Cgllti)] 

0,62s 
0,97rt,^  +  0,25« 
(),n8rt,*+  0,22* 

—20,84 

—13,71 

—13,31 

—5,33 
+  1.74 
+3,21 

Co  (C»ll5)+ 

—13,20 

(Cr  Cjlls)! 

—  4,82 

— 

1 

Cr  (C#!!#)! 

—  4,19 

_ 

Co  (Csllslt 

0,91a,„  + 0,41;>j 

—18,04 

—5,20 

Cr  (CjHa), 

0,99(i,„  +  0.06/>, 

—13,12 

+3,73 

Cr  (C,H,), 

0,99a,„  +  0,062/>, 

—12,73 

+2,15 

Co  (CbH6)+ 

0,77e,u  -f  0,64/>^ 

—16,65 

—1,96 

Cr  (CjHb), 

0,94c,„+0,35p, 

—9,82 

-1-4,05 

Cr  (C«IIe)j 

0,94e,„  4-  0,36/»jj 

—10,72 

+3,84 

Co  (CbIIb)^ 

0,90e,^  +  0,44d„ 

—14,20 

+0,19 

Cr  (CBH5)a 

0,92c,^  +  0,39rf„ 

—10,56 

+7,94 

Cr  (Cflll,)j 

0.96^,^  +  0.30(/„ 

—10,61 

+  10,12 

Co(CbHb)+ 

0,32<?o^  +  0,95rf^^, 

—11,13 

+0,57 

Cr  (CbUb), 

—5,22 

+5,88 

Cr  (C,lla)a 

0.78^2y-l-0,63rf,„ 

-4,76 

+  6,97 

CoiCBlU)^'' 

'’2U 

_ 

-0,27 

^2m 

Cr  (CjIU), 

^2u 

— 

-)4,00 

Cr(C,Ho)i 

'’2U 

— 

-1  2,19 

TABLE  6.  Ionization  Potentials  of  (CsHs^jM  (ev)  The  total  energy  of  a  molecule  comprises  a  num¬ 

ber  of  terms,  including  the  total  electron  energy  deter¬ 
mined  by  the  electron  distribution  over  the  MO.  the 
nuclear  repulsion  energy,  and  tfie  energy  d  excitation 
of  the  atoms  to  the  valence  states.  The  last  two  factors 
are  destabilizing.  The  closeness  of  die  energies  of  the 
highest  occupied  MO  suggests  that  the  difference  between 
the  energies  of  molecular  states  differing  in  electron  distribution  over  the  e  jg  and  a'^g  orbits  should  be  small. 

This  indicates  diat  the  selection  of  a  molecular  state  of  a  definite  multiplet  character,  i.e..  number  d  unpaired 
electrons  in  die  molecule  is  determined,  as  we  supposed  earlier  [6]  by  die  energy  difference  between  the  initial 
valence  states  rather  than  by  the  electron  energy  of  the  molecular  states.  * 

*  Unfortunately,  this  hypothesis  cannot  be  proved  by  direct  calculation.  Even  in  complete  calculations  by  the 
Roodiaan  method  the  energy  difference  between  states  differing  in  multiplet  character  is  indistinct  [7],  A  reliable 
evaluation  of  diis  difference  is  even  less  likely  in  our  approximation  because  of  the  rough  assumptions  in  calcula¬ 
tions  of  the  matrix  elements  of  electron-electron  interaction.  Nevertheless,  we  consider  that  this  difference  is 
either  small  or  has  the  same  sign  as  the  energy  difference  between  the  valence  states  leading  to  molecular  states 
of  the  given  multiplet  character. 
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TABLE  7.  Electron  Deasity  Distribution 


Compound 

Effective  charges  (in  atomic  units) 

Dipole  moments 
(in,D)__ 

on  cen-  I 
tral 

atom  1 

on  both 
rings 

on  one 
ring 

on  each 
C  atom 

metal- 
C  bonds 

metal— 

ring 

-1  l/i70 

-1,^1 70 

—0,78.1 

—0,122 

1 ,:«) 

5,90 

'sHjia  !(' 

-1  0,(182 

—0,(182 

-0,8/il 

-0,0118 

o,r)7 

(CjHsViCr 

■i-l  ,7(K) 

—  1,700 

— 0,8ri0 

—0,170 

1 ,80 

7,40 

(C.iM.iIjCo'- 

—0,118 

-1-1,118 

i  (),.'■).')!) 

1  0,112 

TABLE  8.  Allowed  Transitions 


I  Excited  states  of  the 

One-elec- 

molecules 

Allowed  transi- 

tron  transi¬ 
tion 

(/la 

orbital 

degenera* 

tion^ 

Symmetry  of 
states*  • 

tions 

4 

/i’,..  -}  /ioy 

'-Ui 

4 

*'^(11  !■  1  ^"ii( 

■'ll,  - 

"lU  "tu 

1 

^.u 

•Electron -electron  interaction  not  taken  into  account. 

••with  electron -electron  interaction  taken  into  account. 

The  energies  of  the  highest  occupied  MO  of  tiie  complexes,  taken  with  the  plus  sign,  are  the  first  ioniza¬ 
tion  potentials  of  the  molecules.  These  values  are  compared  in  Table  6  with  the  experimental  values  of  the 
potentials  for  ferrocene  and  chromocene. 

It  is  seen  that  the  calculated  values  are  close  in  order  of  magnitude  to  the  experimental  but  lower  than 
die  latter;  the  divergence  increases  appreciably  as  we  pass  from  ferrocene  to  chromocene,  probably  because  ci 
the  greater  calculation  error  for  molecular  radicals  in  our  approximation.  The  relatively  satisfactory  agreement 
suggests  that  the  ionization  potentials  of  the  dibenzenechromium  molecule  and  cobalticinium  cation  should  be 
close  to  the  calculated  values  of  4.19  and  11.13  ev  respectively.  Even  without  attaching  any  great  significance 
to  these  absolute  values  we  may  assume  that  the  energy  of  removal  of  an  electron  from  the  dibenzenechromium 
molecule  should  be  less  than  for  the  other  aromatic  complexes  considered  here.  The  higher  value  for  (CsHs^jCo*’ 
Is  also  to  be  expected,  since  this  refers  to  the  removal  of  the  second  electron. 

A  number  of  conclusions  can  also  be  drawn  from  the  form  of  the  MO  (see  Table  5).  The  AO  coefficients 
in  die  MO  of  the  complexes  give  the  effective  charges  on  the  individual  atoms  in  the  molecules,  given  in  Table 

7. 

It  is  seen  that  the  coefficients  of  the  central  atoms  AO  in  bonding  MO  are  smaller  than  those  of  the  MO  of 
the  rings  in  nearly  every  case.  This  means  that  in  all  neutral  molecules  the  metal  atom  carries  a  positive  charge, 
i.e.,  electrons  are  attracted  from  die  metal  toward  the  rings  with  an  increase  of  the  ir  -electron  density  at  the 
carbon  atoms.  This  conclusion  is  at  vaiiance  with  the  usual  idea  that  in  molecules  of  transition -element  com¬ 
pounds  the  most  important  role  belongs  o  donw- acceptor  bonds  with  transfer  of  electrons  from  the  ligands  to 
the  central  atom.  Our  results  indicate  that,  in  addition  to  electron  transfer  from  ligands  in  donor -acceptor  bonds, 
reverse  transfer  of  electrons  from  the  central  atom  to  the  rings,  corresponding  to  formation  of  dative  bonds,  is 
also  important.  In  molecules  of  bis -cyclopentad ienyl  compound  another  important  fact  is  that  bonds  of  the  e^g 
type,  formed  by  unpaired  electrons  of  the  rings  and  central  atoms,  are  appreciably  polar,  with  the  positive  end 
of  the  dipole  at  the  metal  atom.  However,  in  the  case  of  dibenzenechromium,  where  no  such  bonds  exist,  the 
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metal  atom  also  carried  a  considerable  positive  charge,  which  in  this  case  originated  only  from  the  dative  bonds. 

It  should  also  be  noted  that  displacement  of  electrons  from  the  metal  to  the  rings  was  greatest  in  diromocene, 
somewhat  less  in  dibenzenechromium,  even  less  in  ferrocene,  while  in  the  cobalticinium  cation  it  was  over¬ 
balanced  by  displacement  of  electrons  in  the  reverse  direction,  so  that  in  this  last  system  the  metal  is  either  al¬ 
most  neutral  or  bears  a  small  negative  charge.  We  consider  that  tliis  sequence  reflects  the  relative  roles  of  do¬ 
nor-acceptor  and  dative  bonds  in  the  respective  molecules.  Apparently  in  chromium  compounds  the  role  of  da¬ 
tive  bonds  is  very  large  and  donor— acceptor  bonds  are  of  relatively  little  significance,  while  in  ferrocene  there 
is  a  great  increase  in  the  role  of  donor— acceptor  bonds,  causing  displacement  of  electrons  from  the  ligands  to 
the  metal;  this  is  no  longer  compensated  by  the  dative  bonds  and  is  counterbalanced  only  because  of  the  hi^ 
polarity  of  bonds  of  the  ejg  type.  Because  of  die  presence  both  of  Cjg  dative  bonds  and  Ojg  polar  covalent  bonds 
in  chromocene  the  positive  charge  of  the  central  atom  in  die  molecule  is  highest  in  diis  compound,  exceeding 
the  charge  on  the  metal  atom  in  dibenzenechromium,  where  only  dative  bonds  are  present  (the  e^g  bonds  in  di¬ 
benzenechromium  are  also  of  die  donor— acceptor  type  and  thus  lead  to  displacement  of  electrons  from  the  ligand 
to  the  metal).  The  charge  on  die  metal  atom  in  chromocene  reaches  the  value  of  +  1.70.  This  result  is  con¬ 
sistent  with  the  chemical  properties  of  chromocene.  It  is  known  from  chemical  data  that  chromocene  differs 
strongly  from  typically  covalent  bis-cyclopentadienyl  compounds  and  approximates  to  the  ionic  Mn*'*‘(C5Hf)2,  as 
is  shown  by  the  instantaneous  metathetical  reaction  with  FeClj  (with  a  70<7o  yield  of  ferroceneXhydrolysis  by  acids, 
electrical  conductivity,  etc.  This  view  is  also  confirmed  by  investigations  of  the  infrared  spectra  of  (C5H5)2Mn 
and  (C5i?5)2Cr,  which  have  considerable  similarities.  At  tlie  same  time,  the  charges  on  the  Cr  atoms  in 
(CsHs^^Cr  and  (CeH6)2Cr  are  fairly  similar,  which  is  in  agreement  with  the  small  dipole  moment  (between  0  and 
0.4D)  of  die  mixed  (C5H6)Cr(C5H5)  complex  [8]. 

It  follows  from  Table  7  that  in  the  cobalticinium  cation  (€5115)200+,  which  is  isoelectronic  with  ferrocene 
(C5l]5)2Fe,  die  central  atom  is  almost  neutral  and  the  entire  positive  charge  is  therefore  distributed  between  the 
cobalticinium  in  electrophilic  substitution  reactions,  despite  its  hi^  stability  [9,  10). 

In  the  ground  singlet  state  of  the  isoelectronic  molecules  (C5H5)2Fe  and  (05115)200+  18  electrons  completely 
fill  die  9  MO  (Sig)*  (ciu)^  resultant  electron  state  of  the  whole  molecule  has 

*A,g  symmetry  and  the  remaining  10  MO  (ajg,  a  lu  .  e  jg,  e’^g,  e*2g,  e2u)  remain  free.  Of  the  excited  states  of 
these  molecules  we  considered  only  those  which  arise  in  excitation  cf  one  electron  from  die  higher  filled  levels 
aJg  and  e2g.  The  selection  rules  for  diese  transitions  were  derived  with  the  aid  of  the  group  theory.  The  allowed 
transitions  are  those  given  in  Table  8  [with  05^]  molecular  symmetry  die  electric  moment  vector  components 
refer  to  the  concepts  ajQ(Mz)  and  eiu(Mx,  My)  not  given]. 

It  follows  from  Table  8  that  there  are  10  allowed  transitions  (to  five  singlet  and  five  triplet  states),  and 
configurational  interaction  should  play  a  significant  role  even  in  these  one -electron  transitions,  so  that  exact 
calculations  of  the  transition  energies  are  impossible  because  of  the  crude  assumptions  made  in  calculations  of 
the  electron-electron  interaction  matrix.  However,  we  may  attempt  to  estimate  die  position  of  the  absorption 
bands  by  considering  the  "center  of  gravity”  of  the  transitions.  This  can  be  illustrated  by  the  calculation  of  the 
first  excited  states  of  benzene,  performed  by  Goeppert- Mayer  and  Sklar  [11].  In  the  case  of  benzene  the  excited 
state  corresponding  to  the  Cj  -*e2  one -electron  transition  is  resolved  into  eight  levels;  *  *'*820  ♦  ***Eiu 

(four  singlet  and  four  triplet).  The  wave  functions  of  the  doubly  degenerate  triplet  level  *Eju  can  still  be  re¬ 
presented  by  one  determinant  and  not  by  their  linear  combination.  Therefore,  the  energy  of  the  level  can 
be  calculated  with  the  aid  of  formulas  analogous  to  those  used  in  calculation  of  transitions  between  undegenerate 
MO.  If  the  energy  of  this  excited  state  is  represented  by  ^E^u  the  energies  of  the  other  two  triplet  levels  can  be 
expressed  as 


and 

+5, 

where  £  is  a  certain  integral;  i.e.,  the  *F|ji  level  can  be  regarded  as  the  center  of  gravity  of  all  three  triplet 
states.  We  estimated  the  positions  of  these  "centers  of  gravity"  of  the  triplet  states  for  (C5H5)2Fe  and  (C5H5)^o+ 
for  transfer  of  electrons  from  the  e2g  orbit  to  the  e'j  ^  and  orbits.  The  values  found  were  0.8  and  2.8  ev 
respectively  for  ferrocene,  and  1.4  and  4.0  ev  for  cobalticinium. 
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Earlier  we  found  the  energies  of  one -electron  transitions  a'jg-*  a*iu(^Aig -*'*•  A^)  and  a*ig "*■ 
“***’  Eiu)  for  ferrocene  [1];  the  values  were  1.0  and  2.5  ev  respectively.  The  energy  of  tfie  a*ig  transition 

for  cobalticinium  was  found  to  be  3.3  ev. 

The  uv  spectra  of  crystals  of  diese  compounds  contain  bands  corresponding  to  transitions  with  energies  of 
2.88,  3.81,  and  4.96  ev  (ferrocene),  and  3.10,  4.00,  and  4.77  ev  cobalticinium  cation).  We  do  not  attadi  any 
significance  to  the  accidental  numerical  agreement  (2.8  and  2.88  ev;  4.0  and  4.00  ev),  but  we  consider  that  die 
closeness  of  the  orders  of  magnitude  and  the  predicted  shift  of  the  bands  in  die  short-wave  direction  in  die  transi¬ 
tion  from  (C5H5)jFe  to  (CsHsljCo'*^  are  important. 

The  authors  thank  S.  N.  Dobryakov  for  help  in  the  calculations  of  die  self-consistent  MO  of  dibenzenechro- 
mium. 
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The  polarizability  theory  was  used  for  calculating  changes  in  die  optical  activity  of  two  amino 
acids,  alanine  and  valine,  when  they  pass  from  the  dipolar  ion  to  the  cationic  form.  The  results 
are  in  agreement  with  experimental  data  and  make  it  possible  to  interpret  die  observed  fact  that 
the  above-named  transition  is  accompanied  by  a  change  of  molecular  rotation  by  a  positive  value. 


Asymmetry  of  natural  amino  acids  is  a  very  important  physicochemical  and  biological  property.  The  op¬ 
tical  activity  of  amino  acids  is  determined  by  their  structure  and  depends  very  much  on  the  nature  of  the  solvent. 
In  an  acid  medium  the  dipolar  amino  acid  ion  is  converted  into  a  cation: 


i-  —  4- 

H,N  -CIICllCOO  ll,.\  —  ClICnCOOH. 

The  molecular  rotation  alters  by  a  positive  value  in  this  conversion  for  all  amino  acids  present  in  proteins. 
Clough  [1,  2],  who  established  this  relationship,  concluded  from  it  that  all  amino  acids  have  die  same  stereo¬ 
chemical  structure.  The  fact  diat  the  relationship  between  molecular  rotation  and  pH  of  the  medium  is  the  same 
for  a  number  of  different  amino  acids  [3.  4]  provides  further  evidence  for  this  view.  The  purpose  of  die  present 
work  is  to  examine  the  Clough  relationship  theoretically. 

By  die  quantum  mechanical  theory,  molecular  rotation  is  expressed  by  the  formula  [5]: 


» 


(1) 


where  N^  is  the  Avogadro  number;  v‘  is  the  frequency  of  the  incident  light;  ny  is  die  refractive  index  of  the 
medium;  c  is  the  velocity  of  light;  gy  is  the  mean  gyration  of  die  active  substance 


~  :^nh  ^ 


1 


(2) 


Pon>  ni|,o  matrix  elements  of  die  electric  and  magnetic  dipole  moments;  is  the  imaginary  part  of  the 

expression. 


If  a  molecule  is  represented  as  a  combination  of  separate  groups  in  which  electron  transitions  are  localized, 
the  gyration  may  be  represented  as  [6] 


g  =  0(0)  g(1)  +  vg(«)  , 


(3) 


where^  is  the  index  of  the  group,  g(0  is  the  internal  gyration  of  the  group;  the  term  g^‘)  is  expressed  in  terms 
of  the  matrix  elements  of  the  electric  dipole  of  one  group,  and  of  the  magnetic  dipole  of  the  other;  finally,  the 
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polarization  term  is  determined  by  die  polarizabilities  and  geometrical  configuration  of  the  groups.  The 
term  g^^ )  is  small  and  may  be  disregarded  [6.  7];  the  expression  for  g(^)  was  derived  by  the  quantum  mechanical 
method  by  Kirkwood  [6]  and  one  of  us  [5,  8].  Internal  gyrations  g^^)  have  been  calculated  in  a  number  of  papers 
by  die  quantum  mechanical  method  on  the  basis  of  the  so-called  one -electron  model  [9].  The  calculations  were 
performed  for  several  simple  comp>ounds  [10,  11,  12].  In  these  papers  the  polarization  effect,  characterized  by 
g^®\  was  not  considered  and  gyration  was  identified  with  g(i)  belonging  to  the  single  chromophore  group.  The  re¬ 
sultant  agreement  between  theory  and  experiment  is  not  very  convincing,  as  the  calculation  results  depend  very 
much  on  die  form  of  the  approximate  wave  functions  [13]. 

In  our  examination  of  the  Clough  relationship  we  performed  die  appropriate  calculations  for  the  amino  acid 
chromophores  (carboxyl  raoups)  with  wave  functions  in  the  form  of  LCAO  (Slater  functions  [14]  being  taken  as  AO) 
and  found  a  value  for  g^^)  two  orders  of  magnitude  lower  than  the  experimental  values  of  g.  Therefore  in  the  sub¬ 
sequent  calculations  we  restrict  ourselves  to  the  polarization  term  g(®\ 

Let  us  consider  the  change  of  g^®)  in  die  conversion  of  an  a -amino  acid  from  the  dipolar  into  the  catioiic 
form.  In  the  first  approximation  of  the  piolarizability  theory  g^^^  for  groups  with  axially  symmetric  polarizability 
tensors  is  of  the  form  [5,  6,  8]: 

‘a>i  “  r'l'  I 

where  — /f;;  Jii^,  Iti  are  the  radius  vectors  of  the  k-th  and  Z-th  bond  or  group;  a;  n  .  are  the 

polarizabilities  of  the  I  -th  group  along  and  across  its  axis  of  symmetry;  k,  Z  are  the  single  group  along  and 
across  the  axis  of  symmetry  of  the  k  and  ^  groups. 

Molecular  rotation  for  the  sodium  D  line  is  obtained  from  (1)  and  (4)  in  the  form: 

(5) 

The  absolute  configuration  of  a-amino  acids  is  known  [15]  and  is  shown  in  Fig.  1.  The  N,  O',  O"  atoms 
and  the  C  atom  of  the  carboxyl  group  lie  in  the  same  plane. 

When  an  amino  acid  passes  from  the  dipolar  into  the  cationic  form  the  following  change  occurs: 

'\o-  \) 

Assume  that  the  hydrogen  atom  is  linked  to  the  O*  oxygen  atom  in  the  cation.  Then  the  gyration  difference  be¬ 
tween  the  cation  and  die  dipolar  ion  is  represented  by  the  formula: 

—  Sc  =  o"  -r  Sc  -  O'  +  S  O'  —  11  —  Sc—o"  — 

(6) 

—  Sc— O'  =  iSc^o"  —  Si — o")  iSc  O'  —  Sc  -O')-!  So'  -  ii- 

The  right-hand  side  contains  gyrations  of  the  individual  bonds  in  the 
hydroxyl  group,  determined  by  interactions  with  the  other  bonds  in 
the  molecule.  We  disregard  interactions  with  C-H  bonds,  as  their  an¬ 
isotropy  is  low.  For  aliphatic  amino  acids  exjiression  (6)  has  the  form: 

A,” -=(a|,  —  a  Oo_(;jl(3(ii  a  .  )c_  o- 
-(3iii  — at)o—ol^-»o''  —  cH- 
K^i  -a.),  -o  — (:(ll  3(,)r 

(a  Ii  X  ■  )()'n  I  < 

where  Gj^  is  the  geometric  factor  [4]: 

a;  'i  («ur'’A’i)!7rr(/(<,/){/4,A)  -  (ii) 

I  A-  ‘A'  I/*'*' 


Fig.  1. 
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G|(  includes  all  bonds  except  those  coplanar  with  the  carboxyl  group.  We  assume  standard  values  for  the  distances 
and  angles  (C-C  1.54  A;  C— H  1.08  A;  C-0  1.25  A,  tetrahedral  angles  with  the  exception  of  the  0*00"  angle, 
which  is  taken  to  be  120*).  We  assume  that  the  polarizabilities  of  the  "sesqui"  C  ‘  •  0~  bond  are  equal  to  the 

arithmetic  mean  of  the  corresponding  polarizabilities  of  the  C  =  0  and  C-O  bonds. 


Then 


<)  =  <’  ()  1  I  _ —  “(ot  I  0  «))• 


(9) 


A- 


n 

~>ki> 


Aa.'  (•'  X 


;c  {(Ax,-  ()  —  Ax,-  "  Ax,)_n 


(10) 


Polarizability  anisotropy  of  the  C  =  0  and  C— O  bonds  was  calculated  by  Vuks  [16]  in  accordance  with  the  Den¬ 
bigh  valence -optical  scheme  [17,  18].  According  to  Vuks,  Ax,;_,:  =  cm^,  Aa^^o  = 

cm*.  The  method  used  by  Vuks  for  C— C  and  C-H  bonds  gave  the  following  values  for  C— O  and  O— H  bonds 
(with  the  aid  of  data  for  CHsOH  and  HjO): 


X|iO-..  -  I,').'*  -  I(r2‘,  aic-o  (>,l),S.l(r2‘,  Aoi,;_o 

■^no  II  =(1,11-1(1  X  i  ()_ii  ■=  (1,()() •  I (1  Ax,)._n  = 


0.24 cm*  . 


The  values  for  the  C  =  0  bond  are  effective  values,  as  the  ir-bond  does  not  have  axial  symmetry. 

Values  of  Ag  were  calculated  for  the  simplest  aliphatic  a -amino  acids  HjNCHiCHslCOOH  alanine  and 
valine  HjNCHfCHfCHsljlGOOH. 

The  three  conformations  shown  in  Fig.  2  are  possible  for  valine: 

I)  Of  the  two  Cfi  — C  bonds  one  is  parallel  to  the  Ca~H  bond  and  the  other  to  the  — N  bond; 

ID  One  Cg— C  bond  is  parallel  to  the  bond  and  the  other  to  the  Cj^~C  bond; 

ni)  One  Cg—C  bond  is  parallel  to  the  C(x~C  bond  and  the  other  to  the  Cc(~H  bond. 

The  hydrogen  atom  of  the  carboxyl  group  is  assumed  to  lie  in  the  plane  of  the  latter,  with  the  O-H  bond 
at  an  angle  of  90*  to  the  C-O  bond. 

We  also  performed  calculations  for  cations  in  which  the  H  atom  is  linked  to  O"  and  not  O'.  In  this  case; 


Axc_c  X 

X  {(Aac=o 

—  A(Xc.^o)(Go'—c  —  Go"—c)  +  2 

Axo  -n^»'o'-ii}- 

The  calculations  gave  the  following 

values  (in  cm*  •  10*^; 

^O'-C 

^0"-C  ^O'-H 

^0"-H 

Alanine 

-8.26 

10.95  5.87 

-1.33 

Valine 

1-13.34 

11.47  4.26 

-3.81 

n-5.88 

7.57  3.78 

1.17 

m  -8.85 

10.73  5.33 

-4.99 

The  corresponding  differences 

between  the 

molecular  rotations  A 

M  of  the  cation 

grees  •  cm*  •  dm"^)  are; 

CO"(0'H) 

CO '(O-H) 

Configuration  Configuration 

Exptl.  [19] 

Alanine 

23.00 

-34.7 

10.7 

Valine 

I  37.8 

-39.0 

26.2 

n  17.5 

-30.0 

in  22.2 

-24.7 

(11) 
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The  agreement  between  calculation  and  experiment  for  die  C0"(0*H)  configuration  and  for  valine  conformation 
1  is  quite  satisfactory.  Attachment  of  hydrogen  to  the  O*  atom,  which  is  nearer  to  N'*'  than  0"^(see  Pig.  1),  also  is 

more  orobable  on  odier  grounds.  In  fact,  N'*’  must  have  a  certain  polarizing  effect  on  the  v/  ,  group,  attract- 

\o+ 

ing  the  negative  charge  toward  the  O’  oxygen,  and  in  consequence  a  proton  can  be  added  more  easily  to  the  lat¬ 
ter.  It  is  evident  from  the  calculations  that  similar  agreement  should  be  found  for  other  amino  acids.  Despite 
die  number  of  assumptions  made,  it  may  be  taken  as  established  that  the  polarizability  theory  explains  the  rela¬ 
tionships  observed  for  optical  activity  of  amino  acids. 
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BRIEF  COMMUNICATIONS 


STRUCTURE  OF  THE  MOLECULES  OF  LITHIUM 
AND  SODIUM  METABORATES  IN  THE  VAPOR  STATE 

P.  A.  Akishin  and  V.  P.  Spiridonov 
M.  V.  Lomonosov  Moscow  State  University 

Translated  from  Zhurnal  Strukturnoi  Khimii,  Vol.  2,  No.  1,  p.  63, 

January -February  ,1961 

Original  article  submitted  March  30,  1960 


In  this  brief  communication  we  present  preliminary  results  of  an  electron  diffraction  study  of  LiBO^  and 
NaBOj  molecules  in  the  vapor  state. 

The  samples  of  lithium  and  sodium  metaborates,  prepared  as  described  in  [1],  were  remelted  and  deaerated 
for  a  long  time  under  vacuum.  The  substances  were  evaporated  from  a  molybdenum  ampoule  at  1200-1500*.  An 
instrument  designed  for  high -temperature  work  [2]  was  used  for  obtaining  the  electron  diffraction  patterns  of  the 
vapors.  The  electron  diffraction  patterns  of  the  metaborate  vapors  showed  an  intensity  distribution  of  the  scattered 
electrons  with  characteristic  alternation  of  strong  (even)  and  weak  (odd)  rings,  very  similar  to  the  alternation  on  the 
electron  diffraction  patterns  of  boron  oxide  [3]  and  boron  sulfide  [4]  vapors  studied  by  us  earlier.  Comparison  of 
the  values  of  Sg^ptl  electron  diffraction  patterns  of  BjOs  [3],  LiBOj,  and  NaBOj  vapors  (see  table)  shows 

that  they  agree  within  the  limits  of  experimental  error.  It  is  therefore  natural  to  assume  the  presence  of  a  com¬ 
mon  structural  unit  in  the  molecules  of  B2O3,  LiB02.  and  NaBOj.  This  may  evidently  be  the  linear  group  O  —  B  = 

=  O,  which  makes  the  main  contribution  to  the  intensity  function  of  electron  scattering  by  tiiese  molecules. 

We  interpreted  the  electron  diffraction  patterns  by  the  methods  of  radial  distribution  and  consecutive  ap¬ 
proximations  (trial  and  error)  on  the  assumption  that  the  vapors  of  the  compounds  contain  monomeric  LiBOj  and 
NaBOj  molecules.  The  following  values  were  found  for  the  parameters:  r(l{— O)  —  1,3G  A,  r(ll  —  0)  —  1,20  A, 

r(Li  —  0)  “  1,82  A,  ;•  (Na  —  O)  =  2,14  A,  <Li  —  O  —  H  &  <Na— O— Bs.y0’— 105°.  However,  the  assump¬ 
tion  that  lithium  and  sodium  metaborate  vapors  contain  LiBOj  or  NaBC)2  molecules  requires  experimental  confirma¬ 
tion  by  an  idep>endent  method. 

A  mass  spectrum  study  of  the  composition  of  lithium  and  sodium  metaborate  vapors  has  been  carried  out 
in  our  laboratory  [5];  the  results  will  complete  die  study  of  their  molecular  structure. 


Comparison  of  Values  of  Sexptl  Electron  Difhraction  Patterns  of  Boron  Oxide  and  the 
Metaborates  of  Lithium  and  Sodium  in  Vapor  Form 


Max. 

Min. 

HiO, 

LiBOj 

N.tROj 

Max. 

Min. 

H.O, 

LiBO, 

NaBO, 

0 

5,57 

5,46 

(5,91) 

4 

10,46 

10,. 35 

10.33 

3 

6,84 

6,79 

6,97 

5 

11,81 

11,73 

11,68 

3 

7,85 

7,85 

7,73 

5 

12,98 

12,74 

12,81 

4 

9,20 

9,16 

9,12 

6 

14,11 

14,03 

14,11 

6 

15,29 

15,13 

15,26 
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Investigation  of  uranyl  salt  solutions  is  of  considerable  interest  for  further  development  of  our  earlier  work 
[1].  It  is  important  not  only  because  additional  information  on  the  nature  and  hydration  of  this  ion  can  be  ob¬ 
tained,  but  also  in  relation  to  certain  problems  touched  upon  earlier. 

The  method  used  did  not  differ  substantially  from  that  described  in  the  first  communication  of  this  series. 
The  UO4  obtained  by  precipitation  from  aqueous  uranyl  nitrate  solution  with  hydrogen  peroxide  in  the  cold  was 
dissolved  in  die  appropriate  acid.  A  certain  excess  of  acid  was  maintained  in  order  to  prevent  hydrolysis  (solu¬ 
tion  pH  about  0).  The  concentration  was  checked  by  permanganate  titration,  except  in  the  case  of  hydrochloric 
acid  solutions  when  the  gravimetric  method  was  used.  The  experimental  results  are  presented  in  the  figure  and 
table.  The  ratios  were  calculated  by  the  method  described  in  Communication  n.  The  diagram  shows  that 

the  effect  of  the  uranyl  ion  on  the  proton  relaxation  time  (1/Ti)  depends  on  the  nature  (rf  the  anion.  This  is  shown 
by  die  magnitudes  of  the  molar  relaxation  shifts  AM,  and  even  more  clearly  by  the  value  of  r^/r°  (see  table). 
Whereas  this  last  value  is  apfxoximately  die  same  for  chloride  as  for  nitrate  solutions,  it  is  considerably  higher 
for  perchlorate  and  sulfate  solutions.  It  is  interesting  to  note  the  correlation  between  the  shifts  and  ratios 

for  the  uranyl  ion  and  die  ionic  radii  of  the  anions  which  are  given  in  the  table. 


The  main  conclusion  to  be  drawn  from  the  results  is  that  die  degree  of  covalency  of  the  U-OH2  bonds  does 
not  remain  constant  but  varies  in  accordance  with  the  nature  of  the  anion  present  in  the  solution.  It  is  not  con¬ 
vincing,  from  the  point  of  view  of  die  tendency  of  these  anions  to  form  complexes  with  uranyl,  to  attribute  the 
observed  effect  to  formation  of  ion -anion  covalent  bonds,  as  the  stability  of  the  complexes  formed  by  these  anions 
increases  in  die  sequence  C10j<CI",N07,<^S0^'  [2,3].  and  sulfate  (and  not  perchlorate)  is  the  only  anion  in  diis 

series  which  could  possibly  form  covalent  bonds  with  uranyl. 
The  increase  of  die  molar  shift  AM  and  the  t^/t^  ratio  for 
ions  of  large  radius  suggests  competition  between  two  proces¬ 
ses  in  this  case:  hydration  and  complex  formation  of  the  uranyl 
ion.  However,  the  measured  values  probably  reflect  the  de¬ 
gree  of  deformation  of  the  hydration  shell  of  the  central  ion 
by  a  given  anion  and  not  its  ability  to  form  complexes  with 
uranyl.  This  hypothesis  obviously  requires  additional  experi¬ 
mental  confirmation. 


1 

Salt 

1 

(+0.5), 

arbitrary 

units 

Anion  1 

radius, 

A  1 

i 

’C  1 

1-02  (CIO,). 

68,0 

2,  .36 

'i2,2 

00  .  SO, 

56,0 

2,06 

:*.'i,5 

10,  (NO;,).. 

'i0,0 

1  .80 

25,1 

UO..CI, 

38,5 

1 ,81 

25,2 
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arbitrary  units 


Variation  of  the  time  of  proton  relaxation  in 
uranyl  salt  solutions.  The  signal  of  Mn*^  solu¬ 
tion  of  4.02*  10’^  M  concentration  was  taken  as 
100. 


Another  aspect  of  the  observed  effect  is  significant. 

The  probable  competition  between  water  and  the  anion  in 
interaction  with  uranyl  has  a  considerable  influence  on 
t^/tq  for  a  given  ion;  i.e.,  whereas  these  values  can  be 
determined  with  good  confidence  for  alkali  metals  and  halide 
ions,  the  determination  is  difficult  for  ions  which  enter  into 
convalent  interaction  with  water.  Since  uranyl  forms  bonds  of 
a  considerable  degree  of  covalency  with  water,  this  has  a  most 
pronounced  effect  on  its  value  of 
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AND  SILICON  OXYCARBIDE  PHASES 
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Original  article  submitted  January  21,  1960 

It  was  reported  in  [1]  that  the  x-ray  patterns  of  boron  carbide  contain  lines  corresponding  to  a  cubic  body- 
centered  phase  (with  an  identity  period  of  about  3.16  kx),  which  was  named  the  6 -phase.  The  composition  of 
this  phase  was  not  determined;  in  view  of  the  fact  that  the  intensity  of  its  reflections  was  very  high  for  all  the 
samples,  in  some  cases  even  higher  than  the  intensity  of  tfie  reflections  of  the  main  a-phase,  it  was  to  be  assumed 
that  this  phase  belongs  to  the  boron— carbon  system.  Of  course,  it  was  difficult  to  exclude  the  possible  presence 
of  impurities  in  its  composition,  despite  the  fact  that  measures  (treatment  with  hydrofluoric  and  other  acids,  etc.) 
were  taken  to  remove  them. 

It  was  found  later  [2]  that  lines  of  the  same  phase  are  given  by  samples  with  the  most  diverse  boron  and 
carbon  contents.  It  was  therefore  impossible  for  us  to  determine  the  position  of  the  phase  on  the  boron- 
carbon  phase  diagram;  this  gave  rise  to  doubts  concerning  the  composition  of  the  phase,  and  then  led  to  further 
experimental  verification  (see  below)  although,  as  was  reported  in  [2],  spectrum  analysis  did  not  reveal  any  ap¬ 
preciable  impurities. 

In  1958  Samsonov  [3,  4]  reported  that  he,  jointly  with  Zhuravlev,  discovered  this  phase  in  boron  carbide  as 
long  ago  as  1952-1953,  but  that  it  is  in  reality  silicon  oxycarbide.  Despite  the  categorical  character  of  Samsonov's 
statement,  we  consider  that  this  fact  required  careful  verification  because  of  the  practical  importance  of  silicon 
oxycarbide  and  the  theoretical  significance  of  Samsonov  and  Zhuravlev's  discovery.  Up  to  now  only  the  cubic 
carbide  (and  oxycarbide)  of  silicon  was  known,  with  only  a  face -centered  cell  of  the  sphalerite  type.  The  system 
of  lines  in  the  x-ray  pattern  given  by  this  system  is  entirely  different  from  that  given  by  the  cubic  body-centered 
cell.  Therefore,  Samsonov  really  claimed  that  he  discovered  a  new  silicon  oxycarbide  phase  with  a  cubic  body- 
centered  lattice  and  an  identity  period  of  3.16  kx. 

We  must  point  out  that  a  cubic  body-centered  lattice  of  period  3.16  kx  leads  to  definite  crystal -diemical 
difficulties  both  in  the  case  of  boron  carbide  and  in  the  case  of  silicon  oxycarbide,  because  the  interatomic  dis¬ 
tance  d  =  a/3i^  =  2,85  kx  is  greater  than  the  sum  of  the  radii  of  the  atoms  involved,  and  to  account  for  this  it  is 
necessary  to  assume  the  existence  either  of  structural  units  containing  impurity  atoms  or  of  complex  structural 
units  giving  a  corresponding  system  of  reflections.  We  ccHicluded  from  this  that  the  system  of  reflections  corre¬ 
sponding  to  the  cubic  body-centered  boron  carbide  cell  is  parasitic  and  is  due  to  the  presence  of  an  extraneous 
phase  in  the  sample. 

Our  exhaustive  verifications  showed  that  this  contamination  must  be  attributed  to  tungsten  introduced  with 
the  wire  used  in  filling  the  capillary  with  the  sample  for  the  x-ray  investigation.  Although  it  may  seem  strange 
at  first  sight  that  the  amount  of  impurities  introduced  into  the  sample  in  this  manner  would  give  lines  cS  even 
greater  intensity  than  the  lines  of  the  principal  phase  [1],  such  an  effect  is  quite  probable,  and  was  observed  in 
[2],  because  of  the  great  difference  between  the  reflecting  px>wer  of  tungsten  as  compared  with  boron,  silicon, 
and  carbon. 
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It  is  likely  diat  die  cubic  body-centered  silicon  oxycarbide  phase  discovered  by  Samsonov  and  Zhuravlev 
[3]  in  1952  is  of  similar  origin. 
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The  crystal  structure  of  euclase  AlBeSi04(0H)  was  determined  by  the  trial  method  by  Biscoe  and  Warren 
[1]  in  1933;  their  paf>er  contains  a  number  of  errors.  Here  we  discuss  only  the  most  serious  of  these  errors.  One 
of  the  projections  of  the  structure,  chosen  for  the  most  graphic  representation  of  the  structure  motif,  is  so  arbitrary 
that  it  does  not  agree  with  the  values  of  the  atomic  coordinates,  especially  for  OH  and  Be,  given  later.  Moreover, 
the  coordinates  as  given  lead  to  a  different  soructure  motif,  which  gives  rise  to  certain  doubts  but  is  nevertheless 
given  by  the  authors,  who  evidently  did  not  notice  the  contradictions  on  the  neighboring  projection.  Later  publi¬ 
cations  on  the  structure  of  euclase  either  give  the  atomic  coordinates  from  [1]  without  indication  of  the  structure 


e  Al  •  Be  o  Si  o  0  o  OH 


Projections  of  euclase  structure. 
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Coordinates  of  Basal  Atoms  in  Euclase  Structure 


Data  from  [1] 

Our  data 

Data  from  [1] 

Our  data 

X 

V 

z 

X 

V 

2 

X 

V 

Z 

X 

V 

Z 

Al 

0,07 

0,4/i0 

0,25 

0,03 

0,445 

0,247 

0,74 

0,030 

0,17 

0,78 

0,053 

0,101 

Si 

0,/i7 

0,007 

0,15 

0,47 

0,09!) 

0,175 

Olll 

0,54 

0,190 

0,37 

0,47 

0,199 

0,339 

He 

(),r)0 

0,306 

0,48 

0,53 

0,300 

0,164 

0,v 

0,22 

0,360 

0,39 

0,30 

0,375 

0,383 

0,22 

0,050 

0,30 

0,24 

0,034 

0,386 

OH 

0,78 

0,330 

0,19 

0,87 

0,332 

0,164 

motif  [2,  3].  or  schematic  descriptions  of  the  structure  without  use  of  numerical  characteristics  [4,  5];  i.e.,  the  in¬ 
compatible  data  appear  separately. 

Preliminary  results  of  a  determination  of  the  ciystal  structure  of  euclase  by  direct  x-ray  structural  methods 
[6,  7]  are  given  below.  Fragments  of  large  euclase  crystals,  obtained  from  die  Mineralogical  Museum  of  the  Acad¬ 
emy  of  Sciences,  USSR,  were  used  for  the  investifation.  The  constants  of  the  monoclinic  cell  coincided,  within 
the  limits  of  accuracy  with  those  given  in  [1]:  a  =  4.63,  b=  14.27,  c  =  4.76  A,  6  =  100*15*,  Z  =  4,  Fedorov  group 
Cj}^  «=  P2  j/c.  A  range  of  and  was  obtained  with  the  KFOR  x-ray  goniometer  with  Mo  radiation  (the  in¬ 
tensities  were  assessed  visually  from  density  ratings).  The  divergence  coefficients  (R)  calculated  from  these  val¬ 
ues  and  from  the  coordinates  [1]  were  0.57  and  0.51  respectively:  this  confirmed  our  decision  to  use  direct  meth¬ 
ods  which  do  not  require  any  arbitrary  assumptions  for  the  structure  determinations. 

The  individual  structure  amplitudes,  Fo)<Z  .were  found  for  111  reflections  after  correction  to  an  absolute 
scale  by  the  Wilson  and  Vainshtein  methods  and  introduction  of  an  artificial  temperature  factor  (8  =  1  A*).  The 
Harker-Kasper  inequalities  were  used  for  determining  the  signs  of  46  amplitudes  which  comprised  (after  verifica¬ 
tion  by  statistical  equations)  the  basic  groups  from  which  the  signs  of  47  more  amplitudes  were  determined  by  a 
purely  statistical  method.  The  93  Fg]^;  which  signs  had  been  allotted  (83<7o  of  all  the  reflections  of  the  zone) 
were  used  for  constructing  the  o(yz)  electron  density  projection  which  clearly  showed  peaks  corresponding  to  all 
the  atoms  in  the  formula  with  the  exception  of  Be.  The  value  of  R  for  this  projection  was  0.23  (sin  6/X:Sl.05, 

F  0).  Analysis  of  a  second  o(yz)  projection,  constructed  with  all  the  F^j^j  taken  into  account,  showed  that  the 
maximum  initially  ascribed  to  the  OH  group  corresponds  to  overlapping  OH  and  Be,  and  therefore,  additional  da¬ 
ta  are  required  for  precise  determination  of  their  coordinates.  An  attempt  at  an  analogous  solution  cS  the  xy  pro¬ 
jection  by  direct  methods  was  not  successful,  and  at  this  stage  of  the  investigation  the  x  coordinates  are  estimated 
roughly,  from  crystal -chemical  considerations. 

The  coordinates  found  for  the  basal  atoms  of  the  euclase  structure  are  given  in  the  table,  with  the  coordi¬ 
nates  from  [1]  also  given  for  comparison.  All  the  atoms  are  in  general  positions,  and  the  structure  is  character¬ 
ized  by  24  independent  parameters.  The  figure  shows  projections  of  the  structure  onto  the  yz  and  xy  planes, 
which  reflect  its  main  characteristics  most  fully.  The  structure  parameters  are  being  determined  more  precisely. 
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In  a  series  of  systematic  investigations  [1]  of  the  structure  of  substances  with  considerable  steric  hindrances 
in  the  molecules  ("overcrowded  molecules")  we  determined  completely  the  structure  of  4,4*-dichloroaoenaphthene. 
Its  crystals  belong  to  the  C^ii  -  C2/c  space  group  with  four  molecules  in  the  cell,  which  accordingly  occupy 
special  positions  on  the  two-fold  axes  (a  special  position  at  the  centers  of  symmetry  is  incompatible  with  die 
symmetry  of  the  molecule  itselO.  The  constants  of  the  unit  cell  are;  a  =  15.31^  ±  O.Olj,  b  =  9.454  ±  O.OO3,  c  = 

=  7.475  *  O.OI2A,  8  =  118*25*  i  15*.  An  approximate  model  of  the  structure  was  found  from  projections  of  the 
interatomic  function  and  electron  density  onto  the  ab  face  of  the  cell,  and  z  coordinates  were  determined  ap¬ 
proximately  by  geometrical  analysis  of  the  molecular  packing.  The  coordinates  were  determined  more  precisely 
by  calculation  of  a  tliree -dimensional  electron  density  series  (two  approximations)  from  600  structure  amplitudes 
(taken  with  molybdenum  radiation).  The  final  values  for  the  coordinates  of  symmetrically  independent  atoms  are 
given  in  tlie  table. 

'rhe  precision  in  determinations  of  die  atomic  coordinates,  estimated  from  Vainshtein*s  formulas  [2],  is 
Cl  ±  0.002,  C  ±  0.008  A.  This  leads  to  errors  of  ±  0.01  A  and  *  45*  respectively  in  determinations  of  bond 
lengths  and  valence  angles.  The  high  degree  of  precision  is  also  indicated  by  the  fact  that  three  of  the  four  sym¬ 
metrically  independent  hydrogen  atoms  were  revealed  (H7  was  not  revealed);  the  average  C— H  bond  length  is 
1.09  ±  0.11  A.  The  confidence  factor  for  all  reflections  (including  zero)  is  =  14% .  and  the  temperature 
factor  B  =  2.9  A*. 

The  structure  of  the  molecule  h  shown  in  the  figure  (literature  data  [3]  for  acenaphthene  itself  are  also  gi¬ 
ven  for  comparison).  Numbers  with  asterisks  indicate  the  heights  of  the  electron  density  maxima  in  electrons/  A*, 
and  the  numbers  in  parentheses  represent  the  distances,  in  A,  between  the  atoms  and  the  median  plane  of  the  mo¬ 
lecule.  drawn  through  the  C2.  C3,  C5,  and  Cg  atoms.  With  the  exception  of  C1-C7,  tfie  bond  lengths  in  the  ace- 


Atom 

X 

V 

Z 

Atom 

.  1 
1 

1/ 

Z 

Cl 

0,1093 

0,2200 

0,2894 

II: 

0.22, 

0.72, 

(),:522 

Cl 

0,080 

0,(599 

0,273 

(0,228)* 

(0,(593) 

(0,:520) 

C. 

0.1(54 

0,(532 

0,296 

H3 

0.22, 

0,V‘« 

0,28, 

Cs 

0,1(58 

0,482 

0,;501 

(0,236) 

(0,4:50) 

((),:529) 

Cl 

0,089 

0,402 

0,279 

0,11* 

0,893 

0,37, 

C:. 

0 

0,464 

1/4 

11“ 

(0,103) 

(0,903) 

(0,;595) 

Co 

0 

0,014 

1/4 

(0,050) 

(0,895) 

(0,124) 

C7 

0,052 

0,848 

0,259 

•  Coordinates  of  the  hydrogen  atoms  calculated  with  the  usual  assump 
tions  (<•— H  i.fis  A.  II  c  -ii-r-c*)  are  given  in  parentheses. 


61 


/ 


naphthene  and  4,4*-dichloroacenaphthene  molecules  almost  coincide;  the  observed  differences  maybe  attributed 
to  the  chemical  influence  of  the  chlorine  atoms  on  the  nucleus.  On  the  other  hand,  because  of  the  significant 
steric  hindrance  between  die  chlorine  atoms,  die  valence  angles  in  the  two  molecules  differ  considerably.  The 
chlorine  atoms  repel  each  other  and  thus  subject  the  molecule  to  the  effect  of  a  couple  (arrows  in  the  figure) 
which  should,  for  example,  increase  the  C4-C6-C4’,  C5-C4-CI  valence  angles  and  decrease  the  CI-C4-CS, 

Cj— Cg-C’i  angles.  This  is  fully  confirmed  by  experimental  results.  As  the  result  of  these  distortions  of  the  va¬ 
lence  angles  die  Cl  ...  Cl  distance  increases  from  2.77  A  (with  undistorted  valence  angles  in  the  acenaphthene 
nucleus  and  with  equal  Cl— C-C  external  valence  angles)  to  3.12  A,  but  still  remains  appreciably  less  than  dou¬ 
ble  the  intermolecular  chlorine  radius,  3.60  A.  Moreover,  because  of  the  steric  hindrance  the  molecule  ceases  to 
to  be  planar;  one  chlorine  atom  rises  above  and  the  other  sinks  below  the  median  plane  of  the  nucleus.  The  planar 
character  of  the  nucleus  itself  is  disturbed.  However,  the  deviation  from  planarity  is  not  large;  this  shows  that 
deviation  of  a  bond  from  its  ideal  direction  in  the  plane  of  the  nucleus  occurs  more  easily  dian  deflection  from 
that  plane.  This  difference  is  quite  understandable  if  it  is  taken  into  account  that  the  conjugation  energy  is  dimi¬ 
nished  if  the  planar  character  of  an  aromatic  system  is  disturbed  (see,  for  example,  [4]). 

We  are  at  present  conducting  x-ray  structtual  investigations  of  crystals  of  other  halogen-substituted  ace- 
napthenes,  namely  4,4*-dibromoacenaphthene  and  4-chloro-4*-bromoacenaphthene.  The  first  of  these  is  isomor- 
phous  with  the  4,4*-dichloro  derivative;  the  second  forms  triclinic  crystals:  space  group  c|-Pl  with  two  mo¬ 
lecules  in  the  cell.  The  cell  constants  are:  a  =  9.11;  b  =  7.78;  c  =  8.49  A;  a  =  109.2*;  8  =  65,0*;  y  =  99.0*.  Be¬ 
cause  of  the  large  intermolecular  radius  of  bromine,  the  molecules  of  these  compounds  are  characterized  by 
greater  steric  hindrances  and  therefore  differ  more  than  the  dichloro  derivative  from  the  conformation  of  the  ace¬ 
naphthene  molecule. 

Experimental  data  on  the  molecular  conformations  of  halogenated  acenaphthenes ,  and  also  of  other  "over¬ 
loaded"  halogenated  derivatives  studied  by  us  (in  particular,  1 ,8-dihalonaphthalenes)  make  it  possible  to  deter¬ 
mine  more  precisely  the  curve  for  Van  der  Waals  interaction  of  the  halogen  atoms  and  thereby  to  modify  the  re¬ 
sults  of  theoretical  calculations  in  conformation  analysis  [5].  The  authors  thank  Prof.  A.  I.  Kitaigorodskii  for 
his  interest  in  this  work. 


LITERATURE  CITED 

1.  Yu.  T.  Struchkov  et  al..  Series  of  articles  on  **Steric  hindrance  and  molecular  conformation**  in  Izv. 

AN  SSSR,  OKhN,  e.  g.,  1,  105  (1960)  and  subsequent  issues. 

2.  B.  K.  Vainshtein,  Zh.  eksperim.  i  teor.  fiziki  44  (1954). 

3.  H.  W.  W.  Ehrlich,  Acta  Cryst.  1^,  699  (1957). 

4.  C.  A.  Coulson  and  S.  Senet,  J.  Chem.  Soc.,  1813  (1955). 

5.  A.  J.  Kitaygorodsky,  Tetrahedron  183(1960). 


62 


CRYSTAL  STRUCTURE  OF  1.  4,  5,  8-  T  E  T  RA  CH  LO  RON  A  PH  TH  A  L  EN  E 

M.  A.  Davydova  and  Yu.  T.  Struchkov 

Institute  of  Heteroorganic  Compounds,  Academy  of  Sciences,  USSR 
Translated  from  Zhurnal  Strukturnoi  Khimii,  Vol.  2,  No.  1,  pp.  69-71, 

January -February,  1961 

Original  article  submitted  October  24,  1960 


This  paper  describes  a  part  of  our  systematic  investigation  of  the  structiu’e  of  aromatic  molecules  wi^  large 
steric  hindrances  [1];  in  particular,  of  halogenated  naphthalene  and  acenaphthene  [2,  3].  The  purpose  of  this  in¬ 
vestigation  is  to  determine  the  conformations  of  spatially  stressed  molecules  and  to  determine  more  precisely  the 
curves  for  the  energy  of  interaction  of  atoms  not  linked  by  valence  bonds  [4,  5]. 

The  crystals  of  1,  4,  5,  8-tetrachloronaphthalene  belong  to  the  Pccn  space  group  with  four  molecules  in  the 
cell,  which  should  therefore  be  in  special  positions  with  symmetry  1  or  2.  Our  values  for  the  cell  constants  coin¬ 
cide  with  those  given  in  [6];  a  =  9.45  *  0.03;  b  =  15.20  ±  0.02;  c  =  7.07  ±  0.03  A.  The  approximate  model  of 
the  structure,  found  from  the  xy  projections  of  the  interatomic  function  and  electron  density,  showed  diat  the  mo¬ 
lecules  are  in  a  special  position  on  the  dCad  axes.  These  data  themselves  suggest  that  die  molecule  is  nonplanar. 
In  fact,  a  planar  molecule  has  mmm  self  symmetry;  on  the  other  hand,  a  configuration  which  is  nonplanar  be¬ 
cause  of  steric  hindrance  should  have  222  symmetry.  By  the  close -packing  dieory  [7]  in  the  former  case  the  mo¬ 
lecule  should  be  on  a  center  of  symmetry;  in  the  second  case  it  should  occupy  a  general  position  or  lie  on  a  two¬ 
fold  axis. 

The  approximate  values  of  the  z  coordinates  of  the  chlorine  atom  were  found  from  sections  of  the  three- 
dimensional  interatomic  function  l/2,  l/2,  z  and  2xQj,  2yQj,  z  (two  sections)  which  showed  clearly  that  the  mo¬ 
lecule  is  not  planar.  Refinement  of  the  structure  was  effected  by  calculation  of  two  approximations  of  the  three- 
dimensional  electron  density  series  v taken  with  molybdenum  radiation;  350  nonzero  reflections).  The  final  va¬ 
lues  of  the  coordinates  of  symmetrically  independent  atoms  in  one  molecule  are  given  in  the  table,  where  the 
more  natural  structural  numbering  of  the  atoms  is  used,  and  not  chemical  numbering  (see  figure). 


Atom 

Experimental 

Average* 

X 

V 

2 

X 

V 

2 

Cl| 

0,1706 

0,0280 

0,1236 

0,1702 

0,0276 

0,1236 

CI2 

0,5775 

o,:i'i:io 

0,1751 

0,5770 

0,3527 

0,1751 

c, 

0,2606 

0,127, 

0,145, 

0,2624 

0,1264 

0,1444 

Cj 

0,407„ 

0,1 15i 

0,147, 

0,4080 

0,1130 

0,1448 

C3 

0,50l« 

0,188. 

0,156„ 

0,5010 

0,1882 

0,1539 

C, 

0,4474 

0,272., 

0,155, 

0,4457 

0,2728 

0,1543 

Cj 

0,297, 

0,287, 

0,140, 

0,2071 

0,2877 

0,1404 

I12 

0,451 

0,048 

0,138 

H, 

0,614 

0,179 

0,161 

*The  coordinates  of  the  hydrogen  atoms  were  calculated  with 
the  usual  assumptions:  C-H  =  1.08A,the  C’CH  and  C"CH  an¬ 
gles  are  equal,  and  C,  C*,  C”,  and  H  atoms  are  in  die  same 
plane. 
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a)  Structure  of  the  naphthalene  molecule  according  to  [8];  atoms  numbered  in  ac¬ 
cordance  with  the  chemical  nomenclature;  b)  bond  lengths  (A)  and  heights  of  elec¬ 
tron  density  maxima  (el./A*)  in  the  structure  of  tetrachloronaphthalene;  experimen¬ 
tal  values  above  and  average  values  below;  structural  numbering  of  atoms;  c)  va¬ 
lence  angles  and  distances  (in  A)  of  atoms  from  the  median  plane  in  the  tetrachlo¬ 
ronaphthalene  molecule. 


Since  the  symmetry  of  the  molecule  itself  is  222,  and  the  symmetry  in  the  crystal  is  2,  i.e.,  lower,  the  ac¬ 
curacy  of  the  calculations  can  be  estimated  from  the  scatter  of  the  values  for  chemically  equivalent  but  structur¬ 
ally  different  bonds,  angles,  and  atoms.  This  comparison  (see  figure)  shows  that  the  errors  are:  far  interatomic 
distances  Cl-Cl  ±  0.006,  C-Cl  ±  0.01-0.02,  C-C  ±  0.03  A;  for  valence  angles  ±1*;  for  distances  from  the  me¬ 
dian  plane  of  the  molecule  ±  0.005  A  for  Cl  atoms  and  ±  0.02  A  for  C  atoms;  ±  0.1  electron/A*  for  the  heights 
of  the  electron  density  maxima.  However,  deviations  of  the  chemically  equivalent  valence  angles  and  of  dis¬ 
tances  of  the  atoms  from  the  median  plane  may  be  due  to  the  influence  of  the  force  field  of  the  crystal  as  well 
as  to  errors  in  the  investigation.  A  similar  estimate  of  the  accuracy  of  the  results  is  given  by  B.  K.  Vainshtein’s 
formula  with  the  parameters  characteristic  of  this  structure;  B  =  3.7A*,  s^ax  “  A"^,  R  =  15<yo  (including  ze¬ 

ro  reflections,  hydrogen  atoms  disregarded).  In  addition  to  the  experimental  values,  the  table  also  gives  average 
values  for  the  coordinates  calculated  on  the  assumption  of  222  symmetry  for  the  molecule  itself;  these  were  used 
for  calculating  the  average  values  in  the  figure. 

The  geometrical  parameters  found  for  the  molecule  are  given  in  the  figure,  with  data  for  naphthalene  [8] 
shown  for  comparison.  The  lengths  of  the  Cs-C's  and  C1-C2  bonds  are  greater  than  in  naphthalene,  while  the 
differences  of  the  other  bond  lengths  do  not  exceed  the  error  limits  (Fig.  y.  Changes  of  the  valence  angles  in 
tfie  naphthalene  nucleus  are  also  close  to  the  experimental  error,  yet  these  changes  coincide  in  sign  with  the  de¬ 
formations  to  be  expected  as  the  result  of  steric  hindrances.  These  hindrances  are  due  mainly  to  repulsion  between 
neighboring  chlorine  atoms,  the  distance  between  whidi  in  a  plane  model  with  ideal  valence  angles  (Fig.  a)  is 
anomalously  small;  2.49  A  instead  of  the  equilibrium  value  of  3.6  A.  Because  of  these  hindrances  the  molecule 
is,  as  it  were,  subjected  to  the  action  erf  two  couples  (arrows  in  Fig.  c)  which  push  neighboring  chlorine  atoms 
apart.  This  should  result  in  deformation  not  only  of  the  CCCl  valence  angles  but,  although  to  a  lesser  extent,  of 
tlie  angles  in  the  naphthalene  nucleus  itself  (since  conformational  distortions  spread  over  the  whole  molecule,  rap¬ 
idly  diminishing  with  the  distance  from  the  site  of  their  origin).  In  fact,  the  CCCl  angles  are  deformed  by  6-8®, 
and  the  angles  in  the  nucleus  by  0.5-1*,  and  in  full  agreement  with  our  hypothesis  the  1— 5'-4*  and  2-1-5*  an¬ 
gles  are  increased  while  the  1-5*— 5  and  1  —  2—3  angles  are  decreased.  In  addition  to  these  deformations  of  the 
angles,  the  planarity  of  the  molecule  is  disturbed  appreciably  (Fig.  c).  One  of  the  causes  (rf  this  disturbance  is 
that  the  chlorine  atoms,  diverging  in  the  plane  of  the  molecule,  approach  the  hydrogen  atoms  and  repulsion  arises 
between  them  (in  die  molecule  in  question  the  distance  C1...H  =  2.68  A,  which  is  less  than  the  sum  of  the  inter- 
molecular  radii,  3.0  A).  Therefore,  a  further  increase  of  the  Cl.. .Cl  distance  owing  to  divergence  of  the  chlorine 
atoms  in  the  plane  is  apparently  disadvantageous,  and  the  increase  is  effected  by  emergence  of  these  atoms  from 
the  plane  of  the  molecule  alternately  upward  and  downward.  It  is  probable  that  the  hydrogen  atoms  which  were 
not  detected  experimentally  undergo  analogous  displacement,  i.e.,  the  arrangement  of  the  peripheral  atoms  (chlo¬ 
rine  and  hydrogen)  is  similar  to  the  arrangement  of  carbon  atoms  in  the  chair  conformation  of  cyclohexane.  In 
leaving  the  plane  the  peripheral  atoms  "draw"  with  them  carbon  atoms  from  the  nucleus,  which  also  loses  its 
planar  character  (the  disturbance  is  of  the  same  character  as  in  the  trans-conformation  erf  decalin);  however,  this 


64 


disturbance  is  small  and  close  to  the  experimental  error.  It  follows  that  steric  hindrances  are  not  localized  in 
some  restricted  part  of  the  molecule  but  are  spread  over  die  whole  molecule  by  distortion  of  'he  valence  angles, 
and  in  the  case  of  aromatic  systems  the  benzene  rings  have  a  tendency  to  adopt  a  conformation  of  the  cyclohex¬ 
ane  chair  type.  Because  of  these  deformations  the  C1”*'C1  distance  in  the  molecule  in  question  is  increased  from 
2.49  to  2.98  A.  It  is  still  less  than  double  the  intermolecular  radius  for  chlorine,  3.6  A  (the  atom  compression- 
angle  deformation  compromise  is  operative  here). 

It  is  interesting  to  compare  the  conformations  of  1,4,5,8-tetrachloronaphthalene  and  4,4*-dichloroacenaph 
thene  [3]  molecules.  In  the  former  case  die  Cli...cr4  and  Cl4...cri  steric  hindrances  (transmitted  over  the  mo¬ 
lecule  through  die  hydrogen  atoms)  balance  each  other  in  the  plane  of  the  molecule.  In  the  second  molecule  the 
CHj— CHj  bridge,  which  "draws  together"  the  carbon  atoms  in  the  jieri-positions,  distorts  the  valence  angles  in 
the  naphthalene  nucleus  in  the  same  direction  as  does  repulsion  of  the  chlorine  atoms.  In  full  agreement  with 
our  hypotheses,  the  Cl  ...  Cl  distances  and  distortions  of  the  valence  angles  were  less,  and  disturbance  of  plan¬ 
arity  greater,  in  the  tetrachloronaphthalene  molecule  than  in  the  dichloroacenaphthene  molecule. 

It  will  be  very  interesting  to  compare  these  two  structures  with  the  structures  of  peri -substituted  naphtha¬ 
lenes  which  we  are  now  Investigating: 


X  X 


The  crystals  of  1,8-dichloro-  (I)  and  1,8-dibromonaphthalene  (II)  are  isostructural  and  belong  to  the  P2j/a  space 
group  with  four  molecules  in  tlie  cell: 


A 

L 

11,10 

It 

11,13 

b. 

A 

10,65 

10,90 

c. 

A 

7,77 

8,09 

109' 

1()8* 

The  data  for  (I)  coincide  with  those  given  in  [9].  In  addition,  another  modification  of  (1)  exists,  with  the  same 
space  group  but  with  eight  molecules  in  the  cell.  The  crystals  of  1,8-diiodonaphthalene  are  triclinic;  space  group 
pI  with  six  molecules  in  the  cell;  die  short  period  is  approximately  the  same  as  for  the  odier  1,8-dihalonaphtha- 
lenes. 


In  conclusion,  the  authors  thank  A.  I.  Kitaigorodskii  for  his  interest  in  the  work,  and  V.  A.  Koptyug  for  pro¬ 
viding  the  samples  for  investigation. 
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The  crystal  and  molecular  structures  of  internal  complexes  of  acetylacetone  with  various  metals  have  been 
investigated  fora  number  of  years  in  the  x-ray  structure  analysis  laboratory  of  the  Institute  of  Chemical  Reagents. 
The  acetylacetonates  of  aluminum,  chromium,  and  cobalt  [1-4]  have  been  fully  Investigated  by  the  x-ray  struc¬ 
tural  method,  and  these  compounds  have  been  conclusively  shown  to  be  isomorphous. 

In  1958,  when  we  had  nearly  completed  the  investigations  of  these  acetylacetonates,  Padmanabhan  [5]  pub¬ 
lished  die  results  of  an  x-ray  structural  investigation  of  trivalent  cobalt  acetyl  ace  ton  ate  crystals.  The  values  of 
the  lattice  constants  and  the  space  group  given  in  his  paper  coincide  with  our  data.  However,  comparison  of  the 
structure  factors  for  reflections  of  the  OkZ  and  hOZ  types  showed  that  Padmanabhan's  values  do  not  agree  with 
ours.  Our  values  of  the  F(hOZ )  and  F(0kZ  )  structure  factors  for  cobalt  acetylacetonate  are  close  to  the  correspond¬ 
ing  values  for  chromium  acetylacetonate;  this  is  a  necessary  consequence  of  the  isomorphism  of  these  compounds. 

The  difference  in  the  values  of  F(hOZ )  may  be  attributed  to  the  fact  that  Padmanabhan's  choice  of  axes  in 
indexing  of  the  x-ray  patterns  was  different  from  ours:  our  F(hOZ  )  values  are  close  to  the  F(hOZ )  values  given  in 
his  paper,  and  vice  versa;  this  suggests  that  Padmanabhan  chose  the  reverse  positive  direction  of  die  x  axis.  How¬ 
ever,  this  suggestion  cannot  explain  the  observed  differences  for  reflections  of  the  (OkZ )  type. 

The  coordinates  of  the  cobalt  atom,  found  from  the  Patterson  projection,  are  x  =  0.260,  y  =  0.160,  z  =  0,240, 
according  to  Padmanabhan,  while  our  values  are  x  =  0.230,  y  =  0.256,  z  =  0.211.  The  difference  between  the  va¬ 
lues  of  y  is  the  most  noteworthy.  To  verify  Padmanabhan's  determination  of  this  coordinate  we  calculated  die 
P(Ovw)  Patterson  function  projection  from  his  experimental  data;  the  result  is  shown  in  Fig.  1.  This  projection 
lacks  the  peak  corresponding  to  the  value  y  =  0.16  for  the  coordinate  (marked  by  a  cross).  Voc  comparison,  we 
calculated  the  P(Ovw)  projection  from  our  data.  The  resultant  projection  of  the  interatomic  function  (Fig.  2)  con¬ 
firms  that  our  results  are  correct. 
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Fig.  1.  be  projection  of  the  P(Ovw)  Pat¬ 
terson  function  from  Padmanabhan's  data. 
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Fig.  2.  be  projection  of  the  P(Ovw) 
Patterson  function  from  our  data. 


66 


We  also  used  Padinanabhan*s  data  to  calculate 
the  electron  density  projection  P(xOz).  The  resultant 
distribution  of  the  electron  density  peaks  in  die  projec¬ 
tion  (Fig.  3)  does  not  correspond  to  the  diagrain  of  the 
atomic  configuration  given  in  Padmanabhan's  paper 
(Fig.  4).  It  is  clear  from  a  comparison  of  Fig.  3  and  4 
that  the  peaks  in  the  P(xOz)  projection  given  by  Pad- 
manabhan  coincide  very  roughly  with  the  peaks  of  our 
calculated  P(xOz)  projection,  while  some  atoms  do  not 
have  corresponding  electron  density  peaks  at  all.  In 
addition,  the  p(xOz)  projection  contains  many  false  peaks, 
which  can  never  be  the  case  if  the  signs  of  all  or  most 
of  the  structure  amplitudes  are  determined  correctly. 

The  theoretical  values  of  the  structure  amplitudes 
calculated  from  the  atomic  coordinates  given  in  [5]  do 
not  confirm  the  corresponding  values  given  by  Padma- 
nabhan  [5],  although  in  most  cases  they  agree  in  sign. 
Calculation  of  the  deviation  coefficient  .based  on  our 
values  of  and  Padmanabhans's  values  of  Fg^ptl 

gave  R  =  68«7o.  whereas  the  value  R  =  18%  is  given  in 
his  paper. 

Projections  of  the  molecule  onto  the  three  co¬ 
ordinate  planes,  based  on  Padmanabhan's  values  of  the 
coordinates,  showed  that  the  acetylacetone  rings  are 
completely  distorted  in  all  three  projections.  The  va¬ 
lues  of  valence  angles  for  some  atoms  are  impossible 
in  real  molecules.  It  is  surprising  that,  despite  all  these 
contradictions  in  Padmanabhan's  paper,  he  gives  quite 
reasonable  values  for  the  interatomic  distances  and  va¬ 
lence  angles,  close  to  those  found  by  us,  although  the 
arrangement  of  the  molecules  in  the  crystal  and  their 
orientation  with  respect  to  the  crystallographic  axes 
diverge  completely  from  our  data.  We  are  unable  to  account  for  tiiis. 

Padmanabhan's  paper  does  not  describe  the  whole  course  of  the  structure  determination,  but  only  the  initial 
and  final  stages:  calculation  of  the  P(Ovw)  Patterson  series  from  which  the  y  and  z  coordinates  of  the  cobalt  atom 
were  determined,  and  calculation  of  the  electron  density  projection  P(xOz)  whereby  die  coordinates  of  all  the 
atoms  could  be  determined.  We  repeated  both  these  calculations,  but  obtained  different  results.  The  author  does 
not  describe  die  intermediate  stages  of  the  x-ray  structure  investigation. 

Our  detailed  analysis  of  the  investigation  of  die  structure  of  trivalent  cobalt  acetylacetonate  [5]  showed 
with  certainty  that  the  atomic  coordinates  given  by  Padmanabhan  are  erroneous. 
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Fig.  3.  Electron  density  projection  p(xOz)  from  Pad¬ 
manabhan's  data  (calculated  by  the  authors). 
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Fig.  4.  ac  projection  of  the  structure  of  Co(III)  acetyl- 
acetonate,  based  on  Padmanabhan's  data. 
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Ternary  metallic  compounds  have  been  classified  by  their  crystal  structures  for  die  first  time.  The 
system  is  based  on  principles  of  structural  and  chemical  similarities  between  these  compounds.  Sim¬ 
ilar  structural  types  are  considered  together  as  derivatives  of  certain  simple  structures.  The  data  in 
this  paper  can  be  utilized  in  further  development  of  the  theory  of  the  structure  of  multicomponent 
metallic  phases,  and  are  intended  as  reference  material  for  a  wide  circle  of  specialists  working 
in  die  fields  of  crystallography,  crystal  chemistry,  and  metal  science. 
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INTRODUCTION 

Metallic  compounds,  i.e.,  compounds  of  metals  with  each  other  (intermetallic  compounds)  or  compounds  of 
metals  with  nonmetals,  which  retain  metallic  properties  (such  as  carbides,  silicides,  nitrides,  borides,  etc.),  are  of 
undoubted  tlieroretical  interest  and  of  great  practical  importance,  as  they  are  formed  in  many  technical  alloys. 

The  group  of  binary  metallic  compounds  has  been  studied  in  detail;  the  structure,  properties,  and  conditions 
for  their  formation  in  alloys  are  known  for  most  of  them.  Several  publications  [1,  2]  deal  with  the  systematics  of 
binary  metallic  compounds  based  on  distinctions  of  their  crystal  structures.  The  first  classification  based  on  this 
principle  is  given  in  [1],  where  the  position  of  metallic  compounds  among  saltlike,  organic,  and  other  substances 
is  also  shown.  Some  of  the  most  important  metallic  compounds  are  described  in  [3]. 

Many  alloys  contain,  in  addition  to  binary  metallic  compounds,  the  more  complex  ternary  metallic  com¬ 
pounds:  interest  in  these  has  grown  recently  in  relation  to  searches  for  new  industrial  alloys,  based  on  studies  of 
phase  diagrams  of  three  and  more  components. 

The  ternary  metallic  phases  formed  in  such  systems  have  a  great  diversity  of  structure  and  properties.  An 
attempt  has  been  made  [4]  to  subdivide  them  into  simpler  types.  This  classification,  based  on  a  comparison  of 
the  location  and  extent  of  the  homogeneous  regions  in  ternary  phase  diagrams,  to  some  extent  reflects  the  condi¬ 
tions  of  chemical  interaction  of  the  components  and  is  a  further  development  of  N.  S.  Kumakov's  [5]  classifica¬ 
tion  of  metallic  phases.  Of  the  eight  types  of  ternary  metallic  phases  (Fig.  1),  the  last  two  should  be  classified 
as  ternary  metallic  compounds.  They  are  characterized  by  homogeneous  regions  limited  on  all  sides  and  are 
phases  which  differ  from  the  metals  constituting  die  ternary  system  and  from  the  binary  compounds  formed  in  that 
system  by  their  own  type  of  crystal  structure  and  specific  properties.  The  remaining  ternary  metallic  phases, 
which  are  solid  solutions  based  on  one  of  the  components  in  the  diagram  or  on  a  binary  compound  (metallide  solu¬ 
tions),  cannot  be  regarded  as  independent  ternary  compounds  and  are  therefore  not  considered  in  this  review;  die 
exceptions  are  the  few  phases  of  these  types  with  a  superstructure.  In  some  instances  it  has  not  been  established 
whether  a  given  phase  is  a  ternary  compound  or  a  metallide  solution;  such  phases  are  considered  below  with  ap¬ 
propriate  comments. 

Data  on  the  structure  of  certain  ternary  metallic  compounds  are  to  be  found  in  the  well-known  reference 
works  Strukturbericht  and  Structure  Reports.  Fuller  information  on  the  subject  is  given  in  Pearson's  handbook [6] 
where  ternary  and  binary  metallic  compounds  are  described  together  and  are  not  classified  by  structural  types. 

Palamik  and  Finkel*  [7]  attempted  to  find  the  general  structural  relationships  between  certain  ternary  metal 
lie  compounds  by  classification,  in  accordance  witii  structural  charac  eristics,  into  electronic  compounds,  inter¬ 
stitial  phases.  Laves  phases,  nickel  arsenide  phases,  and  sigma-phases  with  the  6 -uranium  lattice. 

Special  mention  must  be  made  of  the  numerous  publications  by  P.  I.  Kripyakevich  and  his  co-authors,  con¬ 
cerned  with  determination  and  analysis  of  crystal  structures  of  metallic  compounds.  In  particular,  an  excellent 
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analysis  of  these  structures  regarded  as  packings  of  co¬ 
ordination  polyhedra  is  presented  by  P.  I.  Kripyakevich 
in  his  dissertation  [8]  and  in  the  paper  [9].  Therefore, 
structural  problems  directly  associated  with  coordina¬ 
tion  numbers  are  not  considered  in  detail  in  the  present 
review. 


^  -  phase 


Pig.  1.  Olassificacion  of  ternary  metallic  phases: 

1)  continuous  three  component  solid  solutions;  2) 
continuous  solid  solutions  of  two  components,  with 
limited  participation  of  a  third  component;  3)  lim¬ 
ited  ternary  solid  solutions  based  on  one  component; 
4)  continuous  solid  solutions  of  one  of  the  com¬ 
ponents  with  a  binary  metallic  compound;  5)  con¬ 
tinuous  mutual  solid  solutions  of  pairs  of  binary 
metallic  compounds;  6)  limited  solid  solutions 
based  on  a  binary  metallic  compound;  7)  ternary 
metallic  compounds  with  limited  homogeneity 
regions;  8)  ternary  metallic  compounds  which  do 
not  form  solid  solutions. 


A  general  classification  of  ternary  metallic  com¬ 
pounds  by  die  types  of  their  crystal  structures  (interpreted 
up  to  1957)  was  first  given  in  [10];  however,  the  lattice 
constants  and  atomic  coordinates  are  not  given  in  this 
publication.  Moreover,  these  data  are  now  far  from  com¬ 
plete,  because  during  recent  years  there  have  been  many 
publications  reporting  determinations  of  crystal  struc¬ 
tures  of  new  ternary  metallic  compounds  and  refinement 
of  earlier  results. 

In  this  article  we  present  classified  data  on  crystal 
structures  of  ternary  metallic  compounds,  wldi  detailed 
characterization,  completely  covering  all  the  literature 
up  to  1960. 

In  this  review  ternary  metallic  compounds  are  ar¬ 
ranged  by  structural  types.  The  choice  of  the  arrange¬ 
ment  of  the  structural  types  presented  certain  difficulties. 
It  is  known  that  classification  based  on  coordination  num¬ 
bers  is  widely  used  at  the  present  time,  since  this  prin¬ 
ciple  gives  the  fullest  characterization  of  the  spatial  re¬ 
lationships  of  die  atoms  in  the  crystal  structure  and  to 
some  extent  reflects  the  character  of  interatomic  bond¬ 
ing.  Moreover,  there  are  relatively  few  coordination 
numbers  and  diey  can  be  determined  quite  easily. 


However,  the  coordination  principle  does  not  give 
a  classification  of  structural  types  by  their  genetic  char¬ 
acteristics;  i.e. ,  it  cannot  be  used  for  considering  indi¬ 
vidual  structural  groups  in  the  light  of  a  common  struc¬ 
ture.  An  attempt  is  therefore  made  in  the  present  review 
to  unify  a  number  of  structural  types,  which  are  [resented  as  derivatives  of  certain  very  simple  structures  formed 
as  the  result  of  ordering,  with  or  without  removal  of  part  of  the  atoms.  This  concept  is  a  further  development  of 
the  ideas  of  N.  V.  Belov  [3],  who  showed  that  very  many  structural  types  can  be  reduced  to  closest  packing  with 
vacancies  filled  in  different  ways.  We  discovered  a  similar  relationship  between  structural  types  among  certain 
ternary  metallic  compounds.  In  addition,  we  attempted  to  emphasize  the  similarity  of  individual  motifs  in  the 
simplest  and  more  complex  structures,  and  also  the  similarity  found  between  their  sujjerstructure  types. 


Thus,  the  proposed  classification  is  based  on  principles  of  chemical  and  structural  similarities  of  ternary 
metallic  compounds. 


The  ternary  metallic  compounds  can  be  divided  into  three  main  classes: 

a)  The  ABC  class,  comprising  the  intertnetallic  compounds,  i.e,,  compounds  consisting  of  metals  of  all  die 
£  subgroups  of  the  periodic  system,  the  first  three  b  subgroups,  and  certain  semimetals  lying  below  the  diagonal 
boundary  drawn  from  boron  to  astatine.  These  semimetals  are  of  intermediate  character  and  can  therefore  play 
different  roles  in  different  structural  types,  so  that  compounds  containing  them  may  occur  in  different  classes. 
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Fig.  2.  Some  types  of  band  combination  in  closest  packings. 


b)  The  ABX  class,  in  which  one  of  the  elements  (X) 

^  ^  ^  ^  ^  ^  above  this  diagonal  boundary  and  is  therefore  an  organo- 

gen,  and  only  the  other  two  elements  are  metals;  this  group 
includes  such  compounds  as  phosphides. 

•  (r-  ■  -o  •  o 

c)  The  AXY  class,  with  two  organogen  elements  (X 

•  HCa.Zn)  o-Au  “’®**^* 

Fig.  3.  Position  of  (Ga,  Zn)  2  ^nd  Au  Compounds  containing  elements  located  on  the  di¬ 
atoms  in  the  Aus^Zni.Ga).  agonal  boundary  are  the  most  difficult  to  classify. 

We  have  put  the  great  majority  of  the  silicides  in 
class  ”a"  if  normal  intermetallic  compounds  crystallize 
in  this  structural  type  together  with  the  silicides.  If  the 
presence  of  silicon  leads  to  distinct  structural  types,  they 
are  considered  separately  in  the  appropriate  subclasses. 

A  very  small  number  of  silicides  is  placed  in  class 
"b,*  which  is  often  characterized  by  special  structural 
types  with  low  coordination  numbers,  such  as  ZnS  or  CaF2. 
The  carbide  structural  types,  together  with  some  nitrides 
which  are  interstitial  phases,  are  considered  as  a  subclass 
of  this  class.  These  structures  are  often  characterized  by 
closest  packing  of  the  metal  atoms,  which  accounts  for 
their  formal  similarity  to  class  "a*  structures. 

It  follows  from  the  above  that  the  arrangement  of 
Fig.  4.  Superstructure  of  a-Fe  type.  ternary  metallic  compounds  by  classes  and  subclasses  Is 

primarily  based  on  chemical  characteristics.  Within  the 
classes  or  subclasses  die  ternary  compounds  are  grouped  in  orders,  which  differ  significantly  from  each  other  by 
structural  characteristics.  Finally,  in  each  order  there  may  be  families,  whidi  confine  similar  structural  types 
which  differ  either  by  distortion  of  the  crystal  structure  or  by  the  nature  of  the  superstructure. 

Ternary  metallic  compounds  with  incompletely  established  structures  are  classified  by  their  crystal  systems 
in  separate  table. 


Fig.  4.  Superstructure  of  a-Fe  type. 
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No. 

Compound 

Lattice 

coi^tants 

Literature 

No. 

Compound 

Lattice 

coi^tants 

Literature 

No.  f 
No.  ^ 

Ca,  (Tij.  Sns)  • 
Cat  (FIs,  f*b3) 

/4,8r)G 

1151 

(151 

No.3 

No.'« 

Cat  (Sns,  Pbs) 

Ko  (Pit.  Cu) 

4.825 

3.825 

(15) 

(KM 

•This  compound  should  be  represented  by  the  formula  Ca(Tl,Sn)8,as  the 
T1  and  Sn  atoms  correspond  to  tlie  Cu  atoms  in  CusAu  and  are  evidently 
distributed  statistically.  However,  to  make  it  easier  to  use  the  literature, 
we  retain  the  formulas  as  written  in  the  original  papers,  with  the  statisti¬ 
cally  distributed  atoms  in  parentheses  and  separated  by  commas.  This 
formulation  gives  some  indication  of  the  composition  of  the  compound. 

‘j  --o;o  •  •  •  C  O  •  •  •  o:o--- 

— ojo  •••000«*«  O'O' 

Tf  - OlO  •  •  •  •  O'O  •  •  •  •  O'O- 

T,J  —ojo  ••••ooo****  0.0- 
r,  ---OlO  •••••oo**««*  O'O-— 

T,J  ---O  O  •••••OOO*****  OIO-- 
t/i  ---O  O  OIO-- 

T,,  ---ole  ••••••OOO******  OIO-- 

Fig.  5.  Alternation  ci  metal  atoms  and 
vacancies  in  t  -( A1  —  Cu  -  Ni)  phases. 


Fig.  6.  Structure  of  x  -(Cr-  Mo-Fe) 
phases. 


The  crystal  system,*  Fedorov  space  group  (F.  gr.),  number  of 
formula  units  in  the  unit  cell  (Z),  and  position  of  the  atoms  (with  lat¬ 
tice  constants)  are  stated  for  each  structural  type,  and  the  general 
characteristics  of  tire  structure  are  given.  In  cases  of  well-known 
structural  types  of  elements  or  binary  compounds  the  positions  of  the 
atoms  and  descriptions  of  the  structure  are  not  given,  only  references 
to  the  corresponding  literature  sources ([1],  [3],  etc.)being  given;  if 
the  atomic  coordinates  are  given  in  these  sources,  tiiey  are  not  de¬ 
tailed  here.  Complex  cubic  structures  of  metallic  compounds  are 
not  described  from  the  point  of  view  of  their  formation  from  net¬ 
works  (polygons),  because  such  analysis  has  been  performed  in  detail 
by  Kasper,  Frank,  and  others  [11,  12],  ' 

The  compounds  in  a  given  structural  type  are  listed  next.  Foe 
each  compound  we  give  the  serial  number  in  the  classification,  the 
composition  in  atomic  percentages  or  the  stoichiometric  formula 
(sometimes  both),  the  lattice  characteristics  (distances,*  *  axis  ratios, 
angles),  and  literature  references. 


If  different  authors  give  different  structural  characteristics  for 
a  given  ternary  metallic  compound,  the  most  reliable  and  complete  data  are  given  together  with  all  literature 
references  to  the  compound.  References  to  sources  containing  the  most  complete  data  are  given  in  semibold  type 
in  such  cases.  Low -temperature  and  high-temperature  modifications  are  indicates  as  l.t.  and  h.t.  respectively. 


The  ternary  metallic  compounds  within  each  structural  type  are  usually  given  in  an  order  corresponding  to 
the  positions  of  their  constituent  elements  in  the  groups  of  the  expanded  form  of  the  periodic  system;  if  the  ele¬ 
ments  are  in  the  same  group,  then  the  compounds  are  given  in  order  of  increasing  atomic  numbers  of  the  elements. 
However,  in  some  instances  there  are  deviations  from  this  rule,  because  it  is  preferable  to  present  structurally  anal¬ 
ogous  elements  of  a  ternary  compound  and  of  a  compound  which  is  a  representative  of  a  given  structural  type  in 
die  same  sequence. 


*The  following  abbreviations  are  used:  C.  =  cubic;  H.  =  hexagonal;  T.  =  tetragonal;  R.  =  rhombic;  M®  mon 
clinic;  Tr.  =  triclinic. 

*•  If  no  units  are  given,  the  lattice  constants  in  the  original  publication  and  in  our  list  are  given  in  kx. 
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The  appended  illustrations  in  some  cases  give  a  clearer  picture  of  the  common  character  of  the  structural 
types,  and  in  others,  explain  the  positions  of  the  atoms  in  certain  complex  crystal  structures  of  ternary  metallic 
compounds.  Diagrams  of  well-known  structures  cH  metals  and  binary  compounds  (Mg,  Au.  CrSij,  73364,  Laves 
phases,  etc.)  are  not  given;  only  references  to  general  handbooks  [1.  3]  and  other  sources  containing  such  diagrams 
are  indicated. 

At  the  end  of  the  review  there  is  an  index  in  which  all  die  ternary  metallic  compounds  are  arranged  in  al¬ 
phabetical  order  of  die  elements  and  the  number  of  each  compound  in  the  list  of  structural  types  is  given. 

The  authors  certainly  admit  that  the  proposed  system  for  classification  of  ternary  metallic  compounds  by 
crystal  structures  is  subject  to  possible  corrections  and  improvements,  and  thank  readers  in  advance  for  dieir  com¬ 
ments.  The  authors  offer  their  sincere  thanks  to  P.  I.  Kripyakevich  for  his  thorough  examination  of  the  manuscript 
and  for  a  number  of  valuable  comments. 

LIST  OF  COMPOUNDS  BY  STRUCTURAL  TYPES 
A)  CLASS  ABC 

I.  ORDER  OF  TERNARY  COMPOUNDS  WITH  STRUCTUEffiS  BASED  ON  THOSE  OF  PURE  METALS  WITH  SUPER¬ 
STRUCTURES 

1,  Copper  Family 

Superstructures  in  the  Cu^Au  structural  type.  C.;  F.  gr.  Pm3m;  Z  =  1.  [1],  p.  279. 

According  to  [13]  and  [14],  each  type  of  superstructure  in  closest  packings  of  die  AB|  type  can  be  character¬ 
ized  uniquely  by: 

1)  type  of  closest  packing;  2)  type  of  combination  of  the  bands  of  atomic  hexagons  in  the  closely  packed 

layer. 

CusAu  has  closest  packing  of  the  ABC  type,  band  combination  n  (Fig.  2a),  CC  superposition  of  cube -octa¬ 
hedron  layers. 

Structural  Type  Au<;,j.KZn».riGa,JAus(Zn„Ga)] 

R.;  F.gr.  Z  =  4.  [1],  p.  282. 

Au(i)  8(/)  :  X  =  0,105;  y  =  0,784;  2  =  0.  Au(2)  8(/)  :  x  =  0,23;  1/  =  0;  2  =  1/4. 

Au(3)  4(6).  (Zn,  Ga)(i)  8(/)  :  x  =  0,108;  y  =  0,29;  2  =  0.  (Zn,  Ga)(2)4(a). 

Cubic  closest  packing  with  superstructure.  If  the  difference  of  Au^i,]  3)  and  (Zn,  Ga)(3)  and  a  certain  dis¬ 
placement  (rf  the  atoms  are  disregarded,  die  structure  should  be  assigned  to  the  TiAl3  type;  ABC  packing;  band 
combination _m  (Fig.  2e),  CC  superposition  of  cube -octahedron  layers. 

The  (Zn.  Ga)^2^  atoms  are  located  in  layers  which  in  TiAl3  are  perpendicular  to  the  fourfold  axis  and  con¬ 
sist  only  of  Alatoms.  The  (Zn,  Ga)^f^  and  Au  atoms  (in  1:3  ratio)  are  in  an  ordered  arrangement  in  these  layers 
(Fig.  3)  and  in  both  the  first  and  the  second  coordination  spheres  are  surrounded  only  by  Au  atoms  widiin  die  layer. 
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No.  5.  Alls  (Zn-j,  Ga)  'a  =  10,924  6  =  5,462  c  =^8,0()8  117] 

Structural  Type  ZrAlg 

T;  F.  gr.  14/mmm;  Z  =  4.  [1],  p.  282;  [3],p.  195. 

ABC  closest  packing;  band  conijination  nm^  (Fig.  2b);  CCC’C*  superposition  of  cube -octahedron  layers. 

No. 6.  Ft(Cii,  Ziij)  0  =  3,848  c=14,5o  c/a  =  3, 7(1h  (18| 

Structural  Type  Au7sZnn  GayfAut  (Znt/a,^  *»)] 

T.;  F.  gr.  14/ircm;  Z  =  12. 

Au  16(/).  Au  8(/)  :  z  =  0,080.  Au  8(6)  :  x  =  0,190;  y  =  0,31;  z  =  0. 

Au  4(6).  Zii,  Ga  8(^)  :  x  =  0,5;  y  =  0;  z  =  0,089.  Zn,  Ga  4(a). 

Distorted  cubic  closest  packing  of  Au,  Zn,  Ga  atoms.  The  Zn,  Ga  atoms  in  cube -octahedrons  of  Au  atoms. 
Band  alternation  nnm  in  layer,  CCCC'C'C  alternation  of  cube -octahedron  layers. 

No.  7.  Aus  (Ziijy^ ,  Ga,/^ )  a  =  5,580  c  =  25,16  (17) 


Structural  Type  Au^;.5Zn3^at.5rAu5(Zn2.g,  Gap,;)]. 

Distorted  cubic  closest  packing.  (Zn,  Ga)i  atoms  in  cube -octahedrons  of  Au  and  (Zn,  Ga)(ii).  Band  alterna¬ 
tion  nnnnm  in  layer,  CCCCCC*C*C*C*C*  alternation  of  cube -octahedron  layers.  The  (Zn,  Ga)ii  and  Au  atoms  in 
ordered  positions,  as  (Zn,  Ga)(2)  ^^1,2,8  AusZn^a. 

No.8.  Aus  (Zn,  g,  Ga„  g)  (I7j 

2.  Family  of  Magnesium  and  Multilayer  Hexagonal  Closest  Packings 
Structural  Type  Mg 

H.;  F.  gr.  C6/mmc;  Z  =  2.  [1],  pp.  99  and  226. 


a 

c 

cja 

No.  9.  MrCujSii,  l.t. 

2,73 

4,34 

1,59 

(19) 

No.  10.  FoCu..Sn,  l.t. 

2,73 

4,34 

1,59 

(19] 

No.  11.  RiiOslr 

(20] 

No.  12.  Cd  (Mg,  Al)^ 

3,12 

5,09 

1,6:5 

(20a] 

Structural  Type  NigTi 

H.;  F.  gr.  C6/mmc;  Z  =  4.  [1],  p.  287. 

ABAC  closest  packing;  band  combination  n  (Fig.  2a);  CC  superposition  of  cube -octahedron  layers. 
No.13  Aus2.r,Gtlj„i„**^  a  =  5,791  c--9,522  c/a  =1,6443  (21,22] 


Structure  Type  A U7i5Cd2. 51^22.8 


R.  ABAC  closest  packing;  band  combination  mmmmn  (Fig.  2d);  CC'CC'C  superposition  d.  cube -octahedron 
layers. 


No,  I'l  AutsCiI,  5ln.,2  5  «  =  5,847 


h  =  50,91 


c  =  4,758 


(22] 


Structural  Type  Au7g.7Cdi2,6lng,7 

R.  ABABAC  closest  packing;  band  combination  nm  (Fig.  2b):  CCC'C’  superposition  of  cube -octahedron 
layers.  Atoms  somewhat  displaced  from  ideal  position. 

No.15.  Au„  ,Cd^,  glng.  a  =  5,802  6  =  20,0!)  c=  14,340  (21,22) 

*  **'  7.5  *^0  at.  ^0 

•  •  According  to  [22],  a  solid  solution  of  Cd  in  Aujin. 
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Structural  Type  Au75Cd3,5ln2i,5 

R.  ABABACAC  closest  packing;  band  combination  mmn  (Fig.  2c);  CCC’CCC’  superposition  of  cube-octa¬ 
hedron  layers.  Structure  with  rhombic  distortion. 

No.lCi.  AuTsGdj^Injj  j  a  =  5,840  6  =  30,.'i4«  c  =  19, 0^)5  121,22) 

Structural  Type  AuTsCduIn^s 

M.  ABABCBCAC  closest  packing;  band  combination  mmn  (Fig.  2c);  CCC’  superposition  of  cube -octahedron 
layers. 

No.  17.  AursCdioInii  « 5,810  br^:V),:]2t  c  =  64,605 

a*  =89,75*  (21,221 


Structural  Type  Au75Cd^2,5ln|2.5 

M.  ABABCBCAC  closest  packing;  band  combination  nm  (Fig.  25);  CCC*C  superposition  of  cube -octahedron 
layers.  Atoms  somewhat  displaced  from  ideal  position. 

No.  18.  AiiTftCdjj  glii,.^  j  a  =  5,820  5  =  20,108  c  =  86,20o 

a*=89.73*  121.221 

3.  The  a-  Iron  Family 

Structural  Type  CsCl 

C.;  F.  gr.  Pm3m;  Z  =  1.  [1],  p.  349. 

Figure  4  shows  eight  cells  of  the  CsCl structure;  die  Cs  atoms  are  at  a  and  b.  the  Cl  atoms  at  c  and  d. 


a 


No. 

19.- 

-l.i2(llgx.  Tl.) 

2»,354 

123) 

No. 

2(1. 

■i-Ti  (Mo,  Al)** 

(24) 

No. 

21. 

,V(Tii.  Ali)Ni..*** 

(25,  26) 

No. 

22. 

(Mill,  SiilCoi 

2,827 

127,  28) 

No. 

23 

T-Cus  (Zu>,  AI3) 

2,920 

|29,  30) 

Structural  Type  Au2(Cui,  Znj) 

R.;  F.  gr.  Pcma;  Z  =  i. 

All  4(5)  ;  X  =  0,136;  z  =  Vi«.  Cii,  Zn  4(^)  :  x  —  0,114;  z  =  “/w 

DisLorted  CsCl. 

No.  24.  .\u..(Cu,,  Zii,)  rt  =  8,980  6  =  2,886  c  =  4,539  (3) 

Apparently  the  CuiAujZn  phase  with  rhombic  symmetry,  found  in  [32],  corresponds  to  this  phase. 
Structural  Type  Fe3Al 

C.;  F.  gr.  Fm3m;  Z  =  4.  [1],  p.  428  (BiF,). 

The  Fe  atoms  are  at  b,  c,  d;  the  A1  atoms  are  at  a  (Fig.  4). 


a 


No.  25.  P'-(Mg,  AglaSn 

6,60 

(33) 

No.  26.  (Ni,  Cu)3Sn 

5,946 

(34) 

No.  27.  p-(Ni,  Cu)8Sb 

5,857 

(34) 

Structural  Type  Cu2AlMn 
C.;  F.  gr.  Fm3m;  Z  *  4. 

The  Cu  atoms  are  in  positions  c  and  d;  A1  atoms  are  at  a  and  Mn  atoms  at  b  (Fig.  4). 


*In  the  original  paper  the  special  direction  is  called  the  a  axis. 

•  •  Most  probable  composition  is  TiiMoAl. 

•  •  •  The  A1  and  Ti  atoms  alternate  in  the  cubes  like  Zn  and  A1  in  CU|ZnAl. 
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Nov  28  CojMnGo 

a 

5,733 

(28) 

a 

No.  37.  CujMnGa*** 

(41) 

No.  29.  CojMnSn 

5,991 

(35.  36.  37) 

No.  38.  Cu2Mnln  6,1865  A 

(42) 

No.  30.  NijMgSn 

6,097 

(34) 

No.  39.  Cu.MnSn,  l.t.  6,1608 

(39,  43) 

No.  31.  Ni,MgSb 

6,050 

[34] 

llo.  40.  CujFeSn,  l.t.  5,92 

(18) 

No.  32.  NijTiAl 

5,86 

(25) 

No.  41.  CujCoSn  5,97 

118) 

No.  13.  NijMnGe* 

5,69 

(28) 

No.  42.  CusNiSn  5,91 

(18) 

No.  .14.  NijMnSn 

6,045 

(35.  36,  37) 

No.  43.  CuiInSn  6,1865—6,1881  A 

(42.  44) 

No.  Xy.  NijMnSb** 

6,001 

(38) 

]'lo.  44.  ZriCuAu  6,10 

(31) 

No.  CujMnAI,  h.t. 

5,9.37 

(39.  40) 

jJo. 45,  ^'-Zn^AgAu  6,28.332 

(45,  46) 

Structural  Type  NaTl 

C.;  F.  gr.  Fd3m;  Z  =  8.  [1],  p.  291. 

Na  atoms  in  positions  a  and  d;  T1  atoms  at  b  and  c  (Fig.  4). 

a 

No.'i6.  Li.MgZn  6,7  A  |8,  47****1 

No.  47.  LijMgAl  6,7  A  (48.  49,  50) 

Structural  Types  of  r  -(Cu  —  Ni  -  Al)  Phases  ***** 

The  structures  are  intermediate  between  the  NiAl  and  NijAl|  types.  NiAl  has  structure  of  the  CsCl  type; 
the  Ni  atoms  form  a  simple  cubic  structure  in  which  all  the  close-packed  networks,  perpendicular  to  one  of  the 
threefold  axes,  are  occupied  by  Ni  atoms.  In  NijAls  two  such  networks  occupied  by  Ni  atoms  alternate  with  one 
vacant  network. 

In  r -phases  the  network  alternation  is  more  complex.  Figure  5  shows  alternation  of  Ni,  Cu  atoms  (black 
circles)  and  vacancies  (white  circles)  in  the  direction  of  the  z  axis  for  each  r -phase;  the  subscript  with  each  phase 
symbol  indicates  the  number  of  networks  per  period  (marked  off  by  vertical  strokes). 

Structural  Type  Tg;  H.;  F.  gr.  R3m;  Z  =  3***** 

No.  48.  Al5(Cii.  \i)3  fl^S,70.'inA  o  =  27°l9'22*  (51,  r»21 
hexagonal  cell:  a  =  4,111;  c  =*  5,()25()-5\  (composition:  .\1  —  57,  C.u  —  37,  Ni  —  6  at.  %) 

Structural  Type  Tti;  H.;  F.  gr.  C3m;  Z  =  3. 

No.49.  All,  (Cii,  Nile  «  =  4, 1141  A  c  ==  ."),0263. 1 1  A  (.'>21 
(comp:  Al  —  57,  Cu  —  35,  Ni  —  8  at.  %) 

Structural  Type  Tg;  H.;  F.  gr.  C3m;  Z  =  3. 

NO..50.  Al6(Cu,  Ni)«  a=^4,1132A  c  .'>,()22.i-6  A  (."*21 
(comp:  Al  —  57,  Cu  —  34,  Ni  —  Oat,  %) 

Structural  Type  H.;  F.  gr.  R3m;  Z  =  3. ****** 

No.  51.  Alls  (Cu,  Nils  «=2l.8r.37A  a  r^U)‘’48'(X)*  (32) 

hexagonal  cell;  a  =  4,1133;  c  =  5,013313A  (composition:  Al  —  57.  Cu  --  32.  Ni  —  Hat..  %) 


•Composition  corresponds  to  nonhomogeneous  microstructure. 

•  ‘Homogeneity  region  includes  the  composition  Ni(Mn,  Sb),  where  the  arrangement  of  the  atoms  corresponds  to 
the  As(Mg,  Ag)  structure  (see  p.  92). 

•  •  •  Assignment  to  CU|AlMnstructural  type  not  proved. 

•  •  •  ‘Data  on  the  cubic  structure  of  Li2MgZn  not  confirmed  in  [47]. 

•  •  •  •  •  The  T  -(CU|Al^Ni)  phase  was  first  discovered  in  1938  [51].  In  subsequent  investigations  [52  and  others]  the 
existence  of  different  r  -phases  was  demonstrated  (fuller  details  in  text). 

••••••  Z  given  for  hexagonal  lattice. 
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Structural  Type  ry,  H.;  F.  gr.  C3ni;  Z  =  3. 

No.  52.  Al7(Cu,  Ni)5  a  =  4 , 1062  A 
(comp:  A1  —  61,  Cu  —  28,  Ni  —  11  at.  %) 

Structural  Type  Ti^;  H.;  F.  gr.  C3m;  Z  =  3. 

No.  53.  Alls  (Gii.  Ni)io  a  =  4,0958  k 
(comp:  AI  —  60,  Cu  —  28,  Ni  —  12 at.  %) 


c=  4,9912-7  A 


c  =  4,976.3-15  A  (52) 


Structural  Type  T|;  H.;  F.  gr.  R3m;  Z  =  3.  * 

No.54.  Al,(Cu,  Ni)6  rt=i:i,492!»A  a  =  17‘’29'50*  [52] 

hexagonal  cell:  a  =  4,1045;  c  =  4,9812-8A  (composition:  AI  —  61,  Cu  —  27;  Ni  —  12%) 

Structural  Type  Tn;  H.;  F.  gr.  C3m;  Z  =  3. 

Na.  55.  All,  (Cu,  Ni)i,  a  =  4,1014  A  c  =  4,9705- 17  4  [52] 

(comp:  AI  —  61,  Cu  —  26,  Ni  —  13  at.  %) 

Structural  Type  Ti-Al/::u4Ni 

H.;  F.  gr..  R%n,  Z  =  1. 

Al(i)l(a).  .M(2)-(c):  0,1255.  Al,3,2(c):  0,2515.  Al,4)2(c);  r  =  O.iiSOO.  Al,5j2(«). 

12.57.  vacant  sites  in  AI  positions.  ,,  5., 

(Cu,  Ni)^,j  2(c) :  x=0, 1900  (15%  vacant  sites). 

(Cu,  iNi)(2)  2(c) :  xr=0, 3145  (32%  vacant  sites). 

(Cu.  Ni),3)  2(c):x=0,4380. 

According  to  [52],  type  T^  corresponds  to  type  rg,  but  in  distinction  from  it  also  has  vacant  sites  in  positions 
of  the  AI  atoms. 


No.  56.  Ti-.AIvCuiNi 


a  =  13,53  A 


a  -  I7®27'  hexagonal  cell:  a— 4.105;  c  39,97A 


Structural  Type  r-lCUgAUNi) 


(See  note  on  structural  types  of  t-(Cu  —  Ni  —  AI),  phases,  p.  76  ) 

No.  .57.  7  '  -=  CuioZiiaAlii  **  |30,  5^';j 

4.  The  a-Manganese  Family 
Structural  Type  of  y  "Phases  (superstructure  of  a-manganese) 

C.;  F.  gr.  I43m;  Z  =  58.  [1],  p.  229. 

Atom  distribution  in  x  {Cr— Mo— Fo):Mo,,j2(a).  Moj2)8(c).  l5Fo  +  9Cr  24(g).  21F(.-  ♦  3Cr  24(g). 

Atom  distribution  in  TiCr2Co4;  Ti,  Cr  2(a).  Ti,  Cr8(c).  Cr,  Co  24(g).  Co  24(g). 

If  we  move  from  the  vertices  or  the  center  of  the  cell  we  meet,  for  example  in  x“(Cr  —  Mo  —  Fe),  with  die 
following  sequence  of  polyhedrons:  center  [MO(i)],  tetrahedron  [MO(j)], Laves  polyhedron  (Fe  Cr),  Laves  poly¬ 
hedron  (Fe-^  Cr)f^For  comparison  with  o-and  p-phases  (see  Fig.  7  and  12),  the  structure  is  represented  in  Fig.  6 
in  the  form  of  networks  of  hexagons,  triangles,  and  additional  atoms. 


No.  58.  X  *  Ti5Gr,F(‘i7  8,904  (55) 

No.  59.  TiCrvCo*  8,82  (  56) 

No.  60.  X  -  (Cr  —  Mo  —  Ff)  8,920^4  (.57.  .58.  .59.  60.  61] 

No.  61.  Cr..CoaSi  8.708  (62) 

No.  62.  x-(Cr  — W  — Fe)  (60.  61.63) 

No.  63.  X  -  (Cr  —  Fe  —  Ni)  8,878.4  (64) 


•  Z  given  for  hexagonal  lattice. 

•  •One  of  the  possible  compositions  of  the  T*  phase  is  given. 
•••As  in  the  original  Russian. 
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Fig.  9.  Networks  of  A1  atoms  in  the  struc¬ 
tures  of  C02AI9  and  FeCU2Al7. 


Fig.  10.  Geometrical  similarity  between  the  icosa¬ 
hedron  and  the  coordination  polyhedron  of  A1  atoms 
around  the  Mn  atom  in  the  MnAl^  structure;  I)  co¬ 
ordination  polyhedron;  II)  icosahedron  (crystallo¬ 
graphic). 


5.  The  fl-Manganese  Family  (Structural  Type  6 -Mn) 


C;  F.  gr.  P433  or  P4i3;  Z  =  20.  [1],  p.  231. 


a 


No.  04.  -  (VV  —  Fe  —  C)* 

6,. 39.5  A 

|65,  66} 

No.  65.  fi'  •  .AlsCuiiSn*^ 

(67j 

No.  66.  CruNidSia 

6,108 

|62j 

No.  67.  .NiisC.uesGo-io 

6,26(> 

m 

6.  The  d -Uranium  Family  (Structural  Type  of  o- phases) 

T.;  F.  gr.  P4/mnm;  Z  =  30.  Apparently  superstructure  of  0 -uranium.  Atomic  positions:  2(a).  4(f):  x  =  0.3981. 
H(ij)-  x  =  0.4632;  y  =  0.1316.  8(i2)  x  =  0.7376;  y  =  0.0653.  8(j):  x  =  0.1823;  z  =  0.2524.  The  distribution  of  the  atoms 


;hown  in  Fig.  7. 

No.  •>«.  3  (0  —  .Mo  —  K«')*** 

a 

8,929  A 

r 

4 , 640  A 

c/a 

0.5196 

|59.  69} 

No.  69.  CrnU  Nij 

8,901 

4,. 599  - 

0,.5167 

170.  71) 

No.  70  (;r,;ii\i25Siio 

-8,94''>  .A 
8,769 

-4,621  .4 

4,. 561 

—0,5166 

0,.529 

[621 

II.  ORDER  OF  TERNARY  COMPOUNDS  WITH  STRUCTURES  BASED  ON  THOSE  OF  BINARY  CC*v1POUNDS  WITH 
SUPERSTRUCTURES 


1.  Family  of  Laves  Phases  (Structural  Type  MgCUj) 


III  i.  1.  y  I  1 

C.;  F.  gr.  Fd3m;  Z=8.  [1],  p.  299 


N.  V.  Belov  [3]  regards  Laves  phases  as  defective  closest  packings. 
From  this  point  of  view  the  MgCUj  type  is  a  cubic  closest  packing  of 
Cu  atoms  with  half  the  sites  omitted.  The  Mg  atoms  occupy  of 
the  tetrahedral  voids.  In  contrast  to  CU3AU,  formed  from  one  type  of 
AB3  layers  (AUCU3,  Fig.  2a),  MgCu2  is  formed  from  alternating 
A'B’^IICu3)*  and  A*B'^CuIl3).  The  A'B3’  layers  are  superposed  on 
A"B"3  layers  like  AB3  layers  in  CUjAu. 


No.  71.  0-Mi;(Lii.  Zm) 

7,427 

|47,72| 

No.  72.  U'-Mr3(AI2,  Cu«) 

7,01—7,12 

173,74] 

No.  73.  Ms[(Coo,7.  Zni.3) 

f7.5| 

No.  74.  Mg(Ni,  Z1O2 

6, 909 A 

1^6] 

No.  75.  Mg(Nii.8,  Sio.2) 

|75j 

No.  76.  7  =Mg(Ciii,  Ziii) 

[76,77] 

No.  77.  Mg(.Ago.8,  Zni.o) 

175] 

Fig.  11.  Structure  of  CuMgAl2;  heights 
given  to  the  nearest  0.1  A. 

•If  the  carbon  atoms  are  in  the  octahedral  voids  tlien  this  compound  should  be  assigned  to  the  Fe7Moi3n4  struc¬ 
tural  type  of  the  ABX  class  (p.  95). 

••On  the  basis  of  die  valence-electron  concentration  the  authors  of  [7]  consider  the  formula  AljCUigSn  as  the 
more  correct 

•••Possibly  a  metallide  solution;  investigation  not  completed. 

••••II  represents  a  vacant  site. 
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6,94« 


I 


Fig.  12.  Structure  of  the  R-(Mo  —  Ni- 
—  Cr)  phase.  The  Roman  numerals  are 
the  number  of  the  atoms  (see  text). 


No.  78.  Zr(Vo.6.  Nii.e) 
No.  79.  Zr(Cri,Nii)  ** 

No.  80.  Zr(Mni,  Nil) 

No.  81.  Ta(Vi.  Cui) 

No.  82.  Ta(Vi,5,  Miio.s] 
No.  83.  Ta(Foi.Nii) 

No.  84.  lJ(Fei,  Nii) 

No.  8.'>.  Mi)(llei;2,  Coq.s) 
No.  80.  Mni(Cii8.Sni)  *’"* 
No.  87.  Cd(Cux.  Zni) 


Structural  Type  FeAljBe2,s 

M.;  F.  gr.  C2/m;  Z  =  2 
2Fe2(«) 


[8.28,78) 
128) 

7,003—7,031  (8,28,78) 

7,115A  (70) 

7,008A  (70) 

6, 71 7  A  [701 

7,054A  (79) 

fi,19  (8) 

0,9058  A  (80) 

7,15  (75) 


2  =  0,1139. 


Bo  2(c).  3Be4(/).  4Al4(i):  x  =  0,3707; 


Superstructure  of  MgCut-  A'B'3=  FK'us;  A"B"3== 

Fcn3  (compare  withMg2Cu3Si).  No.  88.  FeAl2Be..,s  a=7,718A, 
fc  =  4,4554A,  c  =  5, 542 A,  124-32'  (81) 

Structural  Type  MgSnCu4 
C.;  F.  gr.  F43m;  Z  =  4. 

Mg  4(a).  Sn  4(b).  Cu  16(c). 

Superstructure  of  MgCuj*  atoms  are  distributed 

like  Zn  and  S  in  sphalerite  (Fig.  8). 

No.  89.  MgSnCui  a— 7,030  (82,83) 

Structural  Type  Cu2AlBe3 

R.;  F.  gr.  Pmma;  Z  =  2. 


A-Zr  *-6?  0-Si 
Fig.  13.  Structure  of  BeSiZr.  The  num¬ 
bers  are  heights  in  fractions  of  the  unit 
cell. 


Fig.  14.  Structure  of  004,7  Si2B,  heights 
given  to  within  0.1  A. 


AI  2(c):  2  =  Vs.  Cu  2(/):  2  =  Vs- 
2  Cu  +  6Be  2(c),  2(6),  4(A):  y  =  V4;  r  =  V4. 

Superstructure  of  MgCuj.  The  Al  and  Cu  atoms  are  in  the 
ordered  positions  of  Mg.  In  the  direction  of  one  of  the  "former" 
fourfold  axes  two  layers  of  Al  atoms  alternate  with  two  layers  of 
Cu  atoms. 

a  be 

No.90.  o,-(Cii,AI)(Cu,.Bp3)  *  4,499A  4,499A  (5,. 362 A  [84] 

Structural  Type  MgZn2 

H.;  F.  gr.  P6,/mmc;  Z  =  4.  [1],  p.  301;  [3],  p.  186. 

The  Zn  atoms  are  at  the  positions  of  the  ABAC  (chch)  closest 
packing  with  half  the  sites  omitted.  The  Mg  atooB  occupy  Vs  of  the 
tetrahedral  voids.  The  A*B'5(nZn3)  layers  of  type  h  and  A’B"j(Zn 
fls)  layers  of  type  c  are  formed  as  shown  in  Fig.  2a.  The  A*B*8 
layers  are  superposed  on  A”B"s  layers  like  ABj  layers  in  the  N^Ti 


type. 

rt  c  c/a 

No.  91.  Mg(Ali.  Cui),  l.t.  .5,1 19A  a.39A  1,6.39  (74) 

No.  92.  Mg(Ali.,,  Ago.!.)  (75) 

No.  93.  Ca(Mg,Cd)2  6,(»6,v\  9,8;i,A  1,621  (85) 

No.  94.  Ca(Mgo,o«.Agi.«,)  ~.'..71  ~9,34  1,64  (85.861 

No.  95.  Ca(Ar.Ag)2  (75) 

No.  96.  Zr(V,Fp)**  (87) 


*  Possibly  a  solid  solution  based  on  ZrCrj. 

*  *This  formula  represents  one  of  the  stoichiometric  compositions  found  in  [80],  but  does  not  correspond  to  the 
atom  distribution  in  the  Laves  phase;  it  is  more  correct  to  represent  this  compound  by  the  formula  (Mn,Sn)(Cu,Sn)2. 

••  •with  15.45<yo  Al  and  Be  by  weight. 


1.5  0.3.0 1 


•0.3.0  ®/.5 

Jif  •^M„S 

1.5" Y-30  .03.0 

I 

®  f  I  ®I^O.i0\.t.5  ®/5 

•  -Ni  o>-Si  (S)-B 

Fig.  15,  Structure  of  NigSijB;  heights 
given  to  within  0.1  A. 


®-Pt  •-Fe  o-N 

Fig.  16.  Structure  of  PtNFej. 


4, 982 A 

8, 140 A 

1,634 

(87) 

(87) 

(70) 

4,893A 

7,909A 

1,616 

(70) 

4, 848 A 

7,909A 

1,631 

(70) 

5, 072 A 

8, 206 A 

1,631 

(70) 

4,855A 

7,888k 

1 ,624 

(70) 

4,37 

6,98 

1,60 

(88) 

4,27 

6,94 

1,625 

(8) 

4,738 

7,452 

1,572  (28,89) 

4,752 

7,492 

1,576  (28,89| 

(90) 

No.  97.  Zr(V.  Co)** 

No.  98.  Zr(Cr.Co)a 
No.  99.  Ta(Tii,  Coi) 

No.  190.  Ta(Vn  Coi) 

No.  101  Ta(V,,  Nil) 

Nc.  102.  Ta(V,,j.  Cuo.s) 

Nc.  103.  Ta(Cri.  Nii) 

No.  104.  (Cr.  Fe)nej.  h.t.  •* 
No.  105.  (Mui.  (:oi)np*** 

No.  IOC).  Mn(Miio,i23,  Coi  .126 
No.  107.  Mn(.Mno.i2:..  Nii.u.-,, 
No.  108.  Fe(Ti,Sii)****** 


Structural  Type  Mg2Cu8Si 

H,;  F.  gr.  C6/mmc;  Z  =  4. 

Wfr  Hi)*****.  Si  2(a).  Cu6(M. 

Superstructure  of  MgZnj:  A’B's  =  IICUs;  A"B"8  *  Sillj. 

No.  109.  Mg2Cu.,Si  l.t.  rt  =  5,004  c  --=  7,872  o/a  =  1,573  (91,92) 

Structural  Type  MgNij 

H.;  F.  gr.  PBi/mmc;  Z  =  8.  [1],  p.  302  and  [3],  p.  186. 

Closest  packing  ABCBACBC  (cchcccchc)  of  Ni  atoms  with 
half  die  sites  omitted.  The  Mg  atoms  occupy  %  of  the  tetrahedral 
voids.  The  A'B*s(nNi3)  and  A"B"s(Nin3)  layers  are  as  in  MgZn2, 
with  A*B*'s  of  type  c  only. 

a  e  e/a 

No.llO.  Mir(13o.23.  Zni.73)’***“*  17,201  3,29.5  (47] 

No.lll.  .Mg(Ciii,.\li)  l.t.  5,080  16,57  3,262  (741 

No.  112.  Mg2(Ciii.  Ziia)  5,124A  16,82A  3,283  (75, 7( 

No.113.  V-Mg2(Cii,.  Ziu)  5,11  16,55  3,24  (93| 

No.114.  Mg2(Cii3.  Si,).  1-t.  5.0  16,0  3,2  (75,91 

No.115.  Mg(Ago.4.  Zn,.o>  (75.91 

No.llG.  l3(Mn.  Ni).  4,97(50  1(5,420  3,300o  (95) 

No.117.  l)(Fe,  Ni)2  4,96l«  16,390h  3,303«  (95( 

No.118.  lJ(Co,Ni)2  4,9.52„  1(5,3(514  3, .mi,  (95) 


2 .  Fa mily  of  Other  Binary  Compounds 

Structural  Type  NiAs  -  Ni2ln 

H.;  F.  gr.  C6/mmc;  Z  ~  1.6  [1],  p.  353. 

No.  119.  CoNiSii  *  a=  4,087  c=5,l98  r/rt=  1,272  (36) 

Structural  Type  MnGeNi 

H.;  F.  gr.  P6s/mmc;  Z  =  2  , 

^  ^  •  Mn  2(a).  Go  2(c).  Ni  2(d). 

Superstructure  of  Ni2ln  the  same  as  for  BeSiZr  (see  p.  86  ). 


•  Possible  a  metallide  solution. 

•  •  "(Mn,.  Co,)  ~  9,053. 

•  •  •  Mn  4(/)  :  z  =Vi6.  0,5Mn  +  4,5Co(Ni)  +  3Si  2(a)and6(/4)  :  x  =  ’/e* 


••••For 


For  coordinates,  see  MgZnj. 

*  0,094;  0,844;  =  0,167;  =  0,125. 


o  •0:3.3. 7.8  O 

^5.8  o5.8  o5.8 

o8.0  %  08:3.3  •08.3.3  oZ.O 


Empty  centers 

o-w*Co  •-!,  @-W  ®  “  of  icosahedrons 

Fig.  17.  Structure  of  C03W9C4;  heights  given  to  within  0.1  A. 


No. 

120. 

KedeiVln 

n 

4,0‘Ml 

c 

r.,213 

c,a 

1,273 

(38| 

No. 

121. 

FoGeNi" 

4,(X)8 

r».072 

i,26H 

361 

|38| 

No. 

122. 

CoMnGe 

4,034 

.j,241 

1,299 

No. 

123. 

CoFeGe  * 

3,970 

.'>,018 

1,284 

(.361 

No. 

124. 

CoNiSb** 

3,987 

5,1.58 

1,294 

i:i6| 

No. 

12.'i.  NiMnde 

4,0.'’)8 

.5,3:11 

1,328 

(36) 

Structural  Type  CoSn 

H.;  F.  gr.  C6/mmm;  Z  =  3.  [1],  p.  308. 

No.  120.  Kr4(C.a,,  (’.c,)  rt  t—'i.Ojri  c 'a -0,807  (181 

Structural  Type  PtjSnj 

H.;  F.  gr.  C6/mmc;  Z  =  2.  [1],  p.  312. 

Very  "flattened"  ABCACB  closest  packing  of  Sn  atoms.  The  tetrahedrons  under  the  octahedron  form  a  7- 
point  polyhedron  with  the  latter.  The  Pt  atoms  fill  all  the  octahedral  voids  except  those  between  BC  and  CB 
layers.  The  Pt  atom  has  another  nei^boring  Pt  atom  in  addition  to  seven  neighboring  Sn  atoms.  The  eight  Pt 
neighbors  form  a  distorted  cube. 

No.  127.  .-\ii4(Ii)3,Siia)  <1=4,49  «  =  13,(>8  C;a--2,91  |9(»1 

Structural  Type  CojAlj 
M.;  F.  gr.  P2i/a;  Z  =  2.  [1],  p.  307. 

The  structure  consists  of  square  networks  alternating  with  the  networks  shown  in  Fig.  9  and  formed  from  A1 
atoms.  The  Co  atoms  are  located  in  the  Thomson  cubes  formed  between  the  different  types  of  networks.  The 
structure  is  allied  to  FeCu2Al7 

Noj28.  p-(Fe.Ni)2Alo  [97.98] 

"Possibly  a  metallide  solution. 

•"Z  ~1.6.  (1.5CO+  O.SNi)  2(a).  (l.SSb  +  O.SNi)  2(c).  O.SNi  2(d);  possibly  a  metallide  solution. 
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vStructural  Type  MnAlg 


R.:  F.  gr.  Cmcm:  Z  =  4. 

Mil  4(C)  :  v  =  0.4r>7.  Al(,)8(c)  :  r  --  0,:r24.  A|(2)8(/)  :  y  -  0,14;  z  =  0,10. 

:  r  --  n..Ti;  1/  0.284. 

The  Mn  atoms  are  in  10-point  polyhedrons  of  A1  atoms  (Fig.  10).  In  Fig.  10  die  10-polnt  polyhedron  is  compared 
schematically  with  die  icosahedron.  The  numbers  represented  the  heights  of  the  atomic  positions;  the  measure¬ 
ment  unit  is  die  distance  between  parallel  edges  of  the  icosahedron. 

No.  120.  (Fo.Cu)(Cii.AI)V-  7,440  fr=6,428  rT=8,768  (OO.IOO] 

Structural  Type  C02AI5 

H.;  F.  gr.  C6/mmc;  Z  =  4.  [1],  p.  307. 

The  space  is  filled  widi  A1  and  Co  icosahedrons.  A1  9-point  polyhedrons  (trigonal  prism  *  3  hemioctahedrons. 
empty  A1  octahedrons,  and  A1  and  Co  tetrahedrons.  The  icosahedrons  contain  A1  atoms,  and  the  9-point  polyhe¬ 
drons,  Co  atoms.  The  atoms  contained  in  die  Co  iccsahedroru  composed  of  Co  are  themselves  in  icosahedrons 
formed  by  A1  and  Co  (compare  widi 

No.  i:«».  T:-Al,„(K»\,.Ni,)  (97.08) 

Structural  Type  Al^MnjSi 
H.;  F.  gr.  P6j/mmc;  Z  =  2. 

Al(,)r,(/,)  :  r  --  0,4.S78.  Al<„)12(fr)  :  a:  -=  0,2007;  2  =  0,933.  Mn  6(A)  :  a:  =  0,1199. 

Si  2(a). 

The  structure  is  of  the  C01AI5  but  the  9 -point  polyhedrons  formed  by  A1  atoms  are  not  occupied.  The  Si 
atoms  are  in  icosahedrons  formed  by  Mn  and  A1  atoms,  and  the  Mn  atoms  in  their  turn  are  distorted  icosahedrons 
formed  by  A1  and  Mn  atoms.  If  the  Mn  atoms  are  disregarded,  the  coordination  polyhedron  of  A1  atorrv  around 
die  Mn  atoms  is  a  9 -point  polyhedron  very  close  to  the  coordination  polyliedron  of  Mn  atoms  in  MnAl^. 

No.131.  (l-AlpMusSi  a^-7,.11.3.\  rr  7,74.'iA  r/a  ..1,0308  (101,1021 

Structural  Type  WAljj 
C.;  F.  gr,  lni3;  Z  =  2. 

W2(a).  Al  24(;r)  :  ,/  =0,184;  z  =  0,.309. 


The  WA1j2  structure  is  the  same  as  that  of  C0AS3.  but  the  W  atoms  are  in  icosahedrons  and  the  octahedrons 
are  empty. 


No.  132.  (Cr,Mit)AI,.i  rt--7,.^)0.iA  (103) 


Structural  Type  MgjCujAls 
C.;  F.  gr.  Pm3;  Z  *  3. 

CU(,)12(A)  :  y  =  0,243;  2  =  0,336.  (:u,,,6(c)  :  i  =  0,225.  Al(u8(/)  :  .t  =  0,215.  Al(2)6(g).- 
:  .T  =  0,16.  AI(„1(A).  Mr  6(/)  :  i  =0,32. 

Superstructure  of  Mg^Zn^^.  The  structure  is  made  up  of  individual  "bricks"  which  are  themselves  (CU3AU: 
8-W)  of  structural  types,  and  of  hexagonal  antiprisms  which  also  contain  atoms.  As  in  other  complex  cubic 
structures,  die  following  sequence  is  found  in  the  MgsCu^Al;  structure  starting  from  the  center:  (Cu)  octahedron, 
(Al)  cube,  cube  with  truncated  vertices,  formed  by  two  distorted  (Cu)  cube -octahedrons  with  somewhat  twisted 
triangular  faces,  a  distorted  Fedorov  (Mg  and  Al)  cube -octahedron,  (Al)  cube. 

No.  133.  r-MRjCiioAl"  a^-8.31lA  (73,194.!((.5) 


•Not  definitely  assigned  to  MnAlg  type. 

••According  to  [104],  identical  with  the  compound  Mg3Cu7AliQ  found  in  [105];  however,  according  to  [106],  the 
alloy  corresponding  to  the  composition  AlsCujMgj  is  not  a  single  phase. 
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•  -V  O-Ll 

Fig.  19.  Positions  of  V  and  Li  atoms  in  the 
ternary  compound  Li7VN4. 


•  -N  o  Empty  octahedrons 


Fig.  20.  Arrangements  of  N  atoms  in 
Fe  -  C  -  N  phases. 


m.  ORDER  OF  TRUE  TERNARY  INTERMETALLIC  COMPOUNDS 

Structural  Type  FeCugAly 

T.;  F.  gr.  P4/ mnc;  Z  =  4. 

Al(j)4(e)  :  =  =  0,134.  Al(2)8(g)  :  x  =  0,165. 

Al(3)16(i)  :  X  =  0,198;  y  =  0,420;  z  =  0,100. 

Cu  8(A)  :  X  =0,278;  y  =  0,088.  Fe  4(e)  :  r  =  0,2992.  In 
the  compound  CoGujAlrthe  values  of  the  coordinates  are:  0.132; 
0.153;  0.202;  0.420;  0.100;  0.272;  0.088;  and  0.2970. 

Two  square  networks  of  A1  atoms,  one  above  the  other, 
form  cubes  in  some  of  which  Cu  atoms  are  situated  in  an  ordered 
arrangement.  The  two  square  networks  alternate  with  one  net¬ 
work  (rf  the  type  shown  in  Fig.  9.  The  Thomson  cubes  formed  be¬ 
tween  networks  of  different  types  contain  Fe  atoms. 


a  c  da 

No.  134.  (0-FeCu,Al7  6,336A  14,870A  2,347  1 100,107.  108) 

No.  135.  C0CU2AI7  6,3047A  14,756A  2,341  (108,109) 


Structural  Type  CuMgAl; 

R.;  F.  gr.  C/mcm;  Z  =  4. 

A1 8(/)  :  y  =  0,355;  s  =  0,055. 

Cu  4(c)  :  X  =  0,778.  Mg  4(c)  :  x  =  0,072. 

The  Cu  atoms  are  in  9-point  polyhedrons  of  A1  and  Mg 
atoms.  The  A1  atoms  form  prisms,  and  the  Mg  atoms  lie  op-  atoms 
posite  the  centers  of  the  square  faces  of  the  prisms  (Fig.  11). 

The  9 -point  polyhedrons  are  arranged  as  in  PuBrj.  One  of  the 
edges  of  die  MgCuAl^  cell  is  almost  equal  to  die  edge  of  the 
PuBr3  cell,  but  die  other  two  are  considerably  less.  Therefore, 
the  MgCuAl2  cannot  be  regarded  as  a  superstructure  of  the  PuBr3 
type. 

No.  13(>.^-CuMgAl2  a=4,00  6=9,27  c=7,14  ( lOU.IlO.lll) 

R-phase  Structural  Type 


R.;  F.  gr.  Pbnm;  A*  =  56. 


Atom 

Positions 

No. 

at.  °h  Mo 

of  atoms  X 

V 

z 

1 

35 

4(c) 

0,0737 

0,1134 

11 

20 

4(c) 

0,1363 

0,2547 

III 

0 

4(c) 

0,3257 

0,1578 

IV 

78 

4(c) 

0,6058 

0,1819 

V 

65 

4(c) 

0,6650 

0,3253 

VI 

100 

4(c) 

0,4746 

0,4536 

Vll 

100 

4(c) 

0,1988 

0,4047 

Vlll 

0 

4(c) 

0,8152 

0,0780 

IX 

78 

4(c) 

0,9383 

0,3650 

X 

100 

4(c) 

0,5202 

0,0355 

XI 

0 

m 

0,2504 

0,5375 

0,9986 

Xll 

52 

m 

0,3868 

0,2883 

0,0008 

Figure  12  shows  that  the  structure  consists  of  networks  of 
joined  hexagons,  triangles,  and  pentagons.  The  networks  are 


•  A  is  the  number  of  atoms  in  the  unit  cell. 
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supcrptTscd  witli  formation  of  antip)risms  witii  atoms  at  their  centers, 
formed  by  triangular  faces  only  (see  fll ,  121). 

No.  I.IT.R  (’riH-Mfi'Niw  h.nTOA 
No.  1.18. R  (Mo-Kc-.Ni) 


All  the  atoms  are  situated  in  polyhedrons 

c  =  -'i,7r)2\  (112.1  i:ii 

(1141 


Structural  Type  Ni4Mn,,Algn 


R.;  F.  gr.  Bbmm  (Cmcm);  Z  =  2. 


X 

y 

s 

X 

y 

2 

i\i 

%): 

0,7.50 

0,181 

Mn( .-,) 

8(/) 

0,630 

0,0.55 

0 

AI(W 

16(/.): 

0,.553 

0,035 

0,188 

Mn(  A) 

8(/) 

0,013 

0,068 

0 

Alli) 

16(/0: 

0,828 

0,065 

o,i;k) 

Al 

(7) 

8(/) 

0,637 

0,853 

0 

A!(s» 

16(/.): 

0,714 

0,127 

0,100 

AI 

(  ft) 

8(/) 

0,738 

0,o:i8 

0 

Al(<) 

^RY. 

0,014 

0,250 

0,206 

AI 

(  0) 

4(c) 

0,813 

0,7.50 

0 

Al(s) 

16(/»): 

0,891 

0,885 

0,185 

Al 

lio; 

4(c) 

0,707 

0,250 

0 

Al(c) 

HrY 

0,804 

0,250 

0,185 

Al 

(ii) 

8(/) 

0,.538 

0,122 

0 

Mn(,) 

4(c): 

0,542 

0,7.50 

0 

Al 

(is; 

4(c) 

0,637 

0,250 

0 

Mn^j) 

4(c): 

0,920 

0,7.50 

0 

A I 

(13) 

m 

0,088 

0,807 

0 

The  Ni  atoms  are  in  pentagonal  antiprisms  of  A1  atoms.  The  A1  and  Ni  atoms  above  the  pentagonal  faces 
convert  these  coordination  (xilyhedrons  into  icosahedrons.  Some  of  tlie  Mn  atoms  are  in  A1  icosahedrons  and  in 
A1  9-point  jxjlyhedrons  (three-sided  prism  with  three  additional  atoms  opposite  the  square  faces  or  Thomson  cube 
with  an  additional  atom  opposite  one  of  the  square  faces).  The  remaining  Mn  atoms  are  in  10-point  polyhedrons 
of  A1  atoms,  same  as  for  Mn  in  MnAl^,  but  somewhat  distorted.  The  tenth  A1  atom  is  somewhat  further  thant  the 
other  nine. 


No.l.39.Mn3Cu2Al2o 

a,  A 
24,2 

h.K 

12,5 

c,A 

7,72 

(100,115,116) 

No.  140.MniZnAl24 

25,1 

24,8 

30,3 

(116,117) 

No.l41.MnnNi,Al8„ 

23,8 

12,5 

7,55 

(116,118) 

Structural  Type  Mg32(Zn,  AQ^g 

C.;  F.  gr.  Im3;  Z  =  2. 

Al  2(a).  Zn,  A 1  24(g)  :  y  =  0,097;  z  =  0,157. 

Zn,  Al  24(g)  ;  y  —  0,195;  z  —  0,310.  Zn,  Al  48()i)  :  x  =  0,160; 
y  =  0,190;  3  =  0,400.  Mg  16  (/)  :  x  =  0,185.  Mg  24(g)  :  y  =  0,300; 
z  =  0,115.  Mg  12(e):  x  =  0,605.  Mg  12(c)  :  x  =  0,185. 

The  structure  is  made  up  of  icosahedrons  formed  by  (Zn,  Al)  atoms  with  Al  atoms  in  the  centers,  and  Laves 
polyhedrons;  the  latter  adjoin  the  triangular  faces  of  the  icosahedrons  and  are  formed  partly  from  (Zn,  Al)  atoms 
only  and  partly  from  Mg  and  (Zn,  Ai)  atoms.  All  these  Laves  polyhedrons  contain  Mg  atoms.  In  addition,  there 
is  anodier  type  of  polyhedron;  it  is  made  up  of  three  hexagons  joined  in  pairs  by  parallel  edges  with  an  additional 
atom  over  one  of  the  hexagons.  These  {X)lyhedrons  also  contain  Mg  atoms. 

a,  A 

No.  142.T-Mg3..(Cu.Al)«»  14,26—14,33  (73,100,1191 

No.l43.TMg3.(Zii,Al)„  14,16  (76,120,121) 

Structural  Type  MgsCrjAlu 

C.;F.  gr.  Fd3m;  Z  =  8. 

Mg(,)8(6).  Mg^„,  16(rf).  Crl6(c).  Al,„48(/)  :  x  -  0,1407. 

Al(„)96(g)  :  X  =  0,0666;  z  =  0,2998. 

The  series  of  complex  cubic  structures  are  more  or  less  similar  if  the  minor  cubes  into  which  the  unit  cell 
can  be  divided  are  compared.  Thus,  the Mg3Cr2Aljg  structure  consists  of  minor  cubes  of  two  types,  alternating  in 
staggered  order.  In  minor  cube  I,  starting  from  the  center,  we  have:  (Al)  octahedron,  (Cr)  tetrahedron,  distorted 
(Al)  cube -octahedron,  strongly  distorted  (Al)  cube -octahedron,  (Mg)  cube.  In  minor  cube  II;  Laves  (Al)  poly¬ 
hedron,  (Mg)  tetrahedron,  strongly  distorted  (Al)  cubic  cube -octahedron. 

No.l44.K-Mg3Cr2Al,H  l'',,.'i3A  (122,123) 
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SUBCLASS  OF  SILICIDES  AND  BORIDES 


I.  ORDER  OF  TERNARY  SILICIDES  AND  BORIDES  WITH  STRUCTURAL  TYPES  BASED  ON  THOSE  OF  BINARY 
COMPOUNDS  WITH  SUPERSTRUCTURES 

Structural  Type  Cr  SI; 

H.;  F.  gr.  C622;  Z  =  3.  [I],  p.  330. 


n  r  c  n 


No. 

145.3  (XAl.Siij 

4, 490.  A 

6, 377 A 

1 ,418 

(124,125 

No. 

14G.Mo(Alu.i,Si|,«) 

4 , 

G,.54j 

1,403 

(1261 

No. 

147.\V(AI.Si)i 

4,71; 

H ,  .56* 

1,393 

(1261 

Structural  Type  Cu2Sb(Fe2As) 

H.;  F.  gr.  P4/nmm;  Z  =  2.  [1].  p.  366. 

InSi4(Nao,,2.  the  Na  and  A1  atoms  occupy  statistically  the  position  2(c);  z  =  0.63,  Si  in  2(a)  and  2(c) 

z  =  0.21.  The  Na  and  A1  atoms  are  in  9-point  polyliedrons  of  Si  atoms.  The  Si  atoms  from  position  2(c)  are  also 
in  9-point  polyhedrons  of  Si  and  Na,  A1  atoms. 

No.  l48.Si,(Nao.MAl,.o7)  »»-=4,i:«)  c  7,400  c/rt--l,71»2  (I27,128*) 


Structural  Type  Fe2C 

R.;  F.  gr.  Pbnm;  Z  =  4.  [1],  p.  338;  [3],  pp.  129  and  199. 

No.l4!».Fa:j(Si,M)  4.4H-4,47A  S.SOA  cr=«,66-6,67A  1129) 

Structural  Type  FeSi 

C.;  F.  gr.  P2i3;  Z  =  4.  [1),  p.  328;  [31,  p.  57. 


a 

®Mc 

*B 

No,  150.  CoifCiai,  Oe.-,) 

4,63 

0,1.38 

—0,162 

(31,  13U( 

No.  151.  Rli»(Gn,,  G04) 

4,822 

0,140 

—0,160 

(130) 

No.  1.52.  Ni,(Ali.  Sii) 

4  ,.5.5 

0,147s 

—0,160 

(31,  130) 

No.  153.  Ni;  (Go*,  Gi'i) 

4,46 

0,14s 

-0,162 

(.31,  130) 

No.  154.  IMifAI*.  Si,) 

4,82 

0,148 

-0,1.57;, 

(31,  130) 

No.  1.55.  rd.-.(Al4.  (’.e,) 

4,86 

(1.30) 

Structural  Type  Cdl2 

H.  F.  gr.  C6mc;  Z  =  2.  [1),  p.  372. 

No.156  Nl)j(C.  Si)  a  =  3,117  A  c  =  4,909  A  c/rt=  1,594  |131) 


Structural  Type  U|Si2 

T.;  F.  gr.  P4/mbm;  Z  =  2.  [1],  p.  328. 

The  atoms  in  ternary  compounds  are  probably  in  an  ordered  arrangement. 

No.  157.  (M02C0)  B,  (132) 

No.  158.  (MojNi)  B-  (132) 


Structural  Type  Mo2SiB2  (T  -  2) 

T.;  F.  gr.  14/mcm;  Z  =  4. 

Mo,  4  (c).  B  8(A)  ;  x  =  0,375.  Si  4(rt).  Mo„l6(l)  :  x  =  0,160;  x  =  0,143. 


•The  authors  of  [128]  found  the  composition  NaAlSi^  3.1.33  and  consider  that  tfie  substance  reported  in  [127]  was 
contaminated  with  silicon. 
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The  structure  is  a  combination  of  the  U|Sij  and  CuAlj  types.  Similar  layers  of  Mo  atoms  lie  one  above  the 
other,  either  turned  or  not  turned.  In  the  former  case  a  layer  of  Thomson  (Mo)  cubes  containing  Si  atoms  and  (Mo) 
tetrahedrons  is  formed;  the  next  layer  consists  of  (Mo)  cubes  widi  (Mo)  atoms  inside,  and  (Mo)  trigonal  prisms  widi 
B  atoms  inside. 


II  c  I'  n 


No. 

1.50. 

V5(B,Si) 

(1331 

No. 

160. 

(Nb  —  B  -  Si) 

(1331 

No. 

161.; 

;(Tn—  B-Si) 

(1331 

No. 

162  ” 

(Cr  —  B  —  Si) 

(13,31 

No. 

163. 

Mos  (BjSi) 

6,01 

11,01 

1,8:1 

li:i3.  134*  1 

No. 

164 

6,0:15 

10,07 

1,82 

(1331 

No. 

165. 

Mn»(B,Si) 

5,61  A 

10,44  A 

1,86 

(1291 

No. 

166. 

Fc5(B,Si) 

5,. 54  A 

10,:i2  A 

1,86 

(129,  1.35.  136) 

Structural  Type  BeSiZr 
H.;  F.  gr.  PBs/mmc;  Z  =  2. 

Zr2(a).  Be2(c).  Si2(d). 

Formally  this  is  the  CoNiSb  type,  i.  e.,  a  sup>erstructure  of  Ni^In.  However,  as  c/a  »  2,  the  BeSiZr  type  is 
a  superstructure  of  AIB2.  In  each  layer  (Fig.  13)  die  Si  and  Be  atoms  are  in  trigonal  prisms  of  Zr  atoms.  In  eadi 
successive  layer  in  the  prisms  Si  atoms  are  above  Be  atoms,  and  Be  atoms  above  Si  atoms. 

No.  1fi7.  HcSiZr  3,71  A  r  =  7,19A  c/n  1 (1371 

Structural  Type  Cr2NiB4 

R.;  F.  gr.  Immm;  Z  =  2.  [1]  p.  322  (for  Ta3Ba4) 

Superstructure  of  Cr3B4  type.  The  Cr  and  Ni  atoms  are  apparently  arranged  in  order.  Each  chain  of  Ni  atoms 


is  between  two  chains  of  Cr  atoms. 

a  h  c 

No.  1(»8.  (Cr2Ni)I{4  H.OoA  12,«7A  5.nOA  (138) 
No.  IG9.  (MojFc)  U4  (132) 

No.  170.  (MojCo)  H4  (132| 

No.  171.  (MotNi)  n4  (132) 


Structural  Type  "MnsSij" 

H.;  F.  gr.  C6/mcm;  Z  =  2.  [1],  p.  329. 


In  Mo5_xSi3_yCx  + y  the  distribution  of  die  atoms  is  as  follows:  Mo,  Si4(d).  Mo6(g).  Si,  C6(g) 


No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 


172. 

173. 

m. 

175. 

176. 

177. 

178. 
170. 
180. 
181. 
182. 
183. 


(Ti  —  Si  —  C) 
(Zr  — Si  —  B) 
(Zr  _  Si  -  C) 
(Zr  —  Si  —  N) 


(V  —  Si  —  C) 
(V— Si  —  N) 

(Nb  — Si  — C) 
(Nd  — Si  — N) 

T«5-A:Si3_yBjj^y 


»«  c  c/a 

(133,  130) 
(13.31 
(133,  1301 
(13:).  130) 
(133,  1301 
(133,  139] 
(133,  139) 
(13.3, 1391 
(133) 
(133,  1301 

7,40iA  .3.242  A  0,700  (131,  133,  I.IO) 


•The  full  structure  determination  is  also  given  in  [134]. 
•  •  The  order  of  Si  and  B  is  not  definitely  established. 
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No.  IM.  T»,_.Si3_„N, 

7.05 

4,72 

0,670 

[131,  133.  139) 

No.  185. 

(19.  140| 

No.  186. 

6,979  A 

4,76,  A 

0,676 

(133.  139,1411 

No.187. 

7,27 

5,05— 

0,695- 

1 

P 

—4,99 

—0,687 

No.  188.  W5_,8.3._„C,  ^„ 

7,18  A 

4,84  A 

0,675 

(133,  141) 

II.  ORDER  OF  TRUE  TERNARY  SUICIDES  AND  BORIDES 
Strucmral  Type  Co4^7Si2B 
T.;  F.  gr.  14/nx:m;  Z  =  4. 

16CO(,)16(A)  :  X  =  0,0757;  y  =  0,2036. 
2,5-3COj2j  4(6).  8Si8(A)  :  x  =  0,162.  4B4(a). 


The  Si  and  B  atoms  (Fig.  14)  form  a  "very  flattened"  CuAl  structure  where  B  atoms  play  die  part  of  Cu 
atoms,  and  Si,  of  A1  atoms  (compare  Ni^SijB).  The  Co^2)  atoms  statistically  fill  the  tetrahedral  voids  (as  in  TlSe); 
they  are  contained  in  6 -point  polyhedrons  of  Si  and  B  atoms. 

The  latter  have  triangular  faces  only,  and  are  parts  of  8-point  polyhedrons  ([13],  p.  206).  The  Co(i^  atoms 
in  their  turn  form  columns  of  Thomson  cubes  which,  strictly  speaking,  contain  the  B  atoms.  The  Si  atoms  are  sit- 
tuated  in  9-point  polyhedrons  of  Co  atoms  (Fig.  8). 

No.  189.  F04  781213  n.^8,82A'  c  =  4,34A  c/a  =0,492  (129) 

No.  190.  Co^-Sijll  (129) 

Structural  Type  Nl^SigB* 

H.;  F.  gr.  P^m;  Z  =  1. 

Ni(i)3(/)  :  X  =  0,247.  Ni(2)3(g)  :  x  =  0,608.  Si  2(c).  B  1(6). 

The  structure  is  characteristic  of  borides.  The  Ni  atoms  form  three-sided  prisms  of  two  types.  Some  con¬ 
tain  Ni  atoms,  other  B  and  Si  atoms.  The  Si  and  B  atoms  form  a  very  "flattened"  structure  of  the  AlBj  type.  The 
Ni  atoms  are  in  5-point  polyhedrons  and  tetrahedrons  of  B  and  Si.  If  the  Ni  atoms  are  also  taken  into  account,  the 
coordination  numbers  of  the  Ni  atoms  are  higher.  This  is  seen  in  Fig.  15,  which  also  shows  9-point  polyhedrons 
(prisms  and  hemioctahedrons)  containing  Si  and  B  atoms. 

No.191.  NuSijII  a  =  6,105  A  c  =  2,895  A  c/a  =0,4742  (143) 

Structural  Type  AliaCr4Sl4 
C.;  F.  gr.  F43m;  Z  =  4 

Al„/i(a).  A1(2)24(/)  :  X  =  0,315.  Alj.,)24(ff)  :  x  =  0,565. 

Cr  16(e)  ;  X  =  0,342.  Si  16(e)  :  x  =  0,125. 


The  structure  is  almost  the  same  as  in  t;  -carbides.  In  minor  cube  I,  starting  from  the  center,  we  have:(Al) 
octahedron,  distorted  cubic  (Al)  cube-octahedron,  (Al)  tetrahedron;  in  minor  cube  11:  (Co)  tetrahedron,  (Si)  te¬ 
trahedron,  distorted  cubic  (Al)  cube -octahedron,  (Al)  tetrahedron. 

No.  192.  ot-AI, 304814  a  =  10,917  A 


Structural  Type  Cu76Mg6Si7 
C.;  F.  gr.  Fm3m;  Z  =  4. 

Si,j^4(6).  Si(„24(rf).  Mg  24(c)  :  x  =  0,1824. 
CU(j)32(/)  :  X  =  0,1684.  :  x  =  0,.3770 

•Related  to  FCjP. 
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All  the  minor  cubes  have  the  same  structure.  Starting  from  the  center,  we  have;  (Cu)  tetrahedron,  (Cu) 
tetrahedron,  (Si)  octaliedron,  distorted  cubic  (Mg)  cube -octahedron,  (Si)  tetrahedron. 

No.  CiiiflMtTrtSi:  a  •  1 1  .fu  A  (HI .  I'l.').  f'lO.  \M»*  | 


B )  CLASS  ABX 

SUBCLASS  OF  INTERSTITIAL  PHASES  (CARBIDES  OR  NITRIDES) 

I.  ORDER  IN  WHICH  THE  ATOMS  OF  BOTH  METALS  ARE  DISTRIBUTED  STATISTICALLY  OR  WITH  A  SUPER¬ 
STRUCTURE  IN  THE  POSITION  OF  THE  ATOMS  IN  THE  STRUCTURAL  TYPES  OF  PURE  bCTALS  WITH  THE 
CLOSEST  PACKING 

Structural  Type  CaTiO|  (cubic) 

C.;  F.  gr.  Pm3m;  Z  =  1  [3],  p.  148. 

Cal(a).  Til(b).  03(c). 

The  metal  atoms  in  the  ternary  compounds  occupy  die  positions  of  Ca  and  O  atoms;  they  form  a  structure 
of  die  CU|Au  type  (p.  ).  The  carbon  (nitrogen)  atoms  occupy  V,  of  the  octahedral  voids.  The  superstructure  of 

the  carbon  (nitrogen)  atoms  and  unoccupied  octahedral  voids  also  belongs  to  the  CU|Au  type  (Fig.  16). 


a 


No.  m.  MgC^Co., 

3,81 

(148,  1491 

No.  m.  K-MgCo  25Ni, 

3,72—3,81 

(148,  1501 

No.  1%.  NiNFo., 

3,790  A 

(151) 

No.  197.  I’tNFc, 

3,857  A 

(1511 

No.  198.  ZnCMn., 

3,923, A 

[148.  1521 

No.  199.  ZnC^Fe., 

3,80 

(1481 

No.  2(K).  Zn(y]o., 

3,72 

[1481 

No.  J»01.  ZnC^  ^Nis 

3,65 

[1481 

No.  292.  AlCMiij 

3,868  A 

[148,  1531 

No.  203.  AIC„  ^Fe., 

3,75-3,77 

(148,  154,  1551 

No.  20'l.  AlCf, 

3,59 

[148,  1491 

No.  20.''>.  AIC(,  29^'.! 

3,61 

[148.  1491 

No.  2(M». 

3,876 

[148,  1.561 

No.  207.  lnCj^Mn.1 

3,90-3,91 

[1571 

No.  208.  InC^Fcj 

3,87 

[1.571 

No.  209.  lnC(,  7r,Co3 

3,81—3,89 

(1.571 

No.  210.  liiCfl  jNis 

3,77—3,79 

(1571 

No.  211.  GrCMiis 

3,86—3,8/ 

(1.571 

No.  212.  ^ijFc;, 

3,65 

[1.571 

No.  213.  (IpC,,  2r,Co., 

3,59-3,62 

[1.571 

No.  214.  Gc(\.Ni3 

3,. 57 

[1.571 

No.  21.'».  Sn(',^  jjMiia 

3,98 

(148.  1.581 

No.  21G.  SiiC^Fca 

3,85  •• 

1 « '•«! 

No.  217.  SnC^J  -Cos 

3,77 

(1481 

Structural  Type  "CaTiOj"  (tetragonal) 
T.;  Z  =  1. 


•According  to  [147]  the  Mg  atoms  are  arranged  somewhat  differently. 
•  ‘When  X  =  1. 


Tetragonally  deformed  type  of  cubic  CaTiO|. 

No.  218.  ZiiCMn-,*  a --- :i,921  A  c  — 3, 809  A  c/a  =  0,9947  (152) 

Structural  Type  TajMnN4 

H.;  F.  gr.  P63/mmc;  Z  =  1. 

I  Mn  hlTa  3(a).  I  n  2(d).  N  4  (/):  :~0,25 

The  Ta  and  Mn  form  ABAC  (chch)  closest  packing.  The  Ta  atoms  are  in  h-type  layers,  the  Ta  and  Mn 
atoms  are  in  c-type  layers,  and  the  N  atoms  are  in  the  octahedral  voids. 

No,  219.  Tn.,\lnN4  a  3,023  A  r  —  10,49A  c/a  3.470  (l.V.tl 

Structural  Type  Ta2FeN3 

H.;  F.  gr.  762m;  Z  =  4. 

Tn  2(c)  :  :  0,2.').  Ta  3(/)  :  x  =  0,333.  Ta  3(^)  :  *  =  0.667.  Fe4(h)  :  z  =  0.25. 

The  Ta  and  Fe  atoms  together  f«rm  ABCB  (hchc)  closest  packing.  The  close -packed  layers  of  Ta  atoms 
alternate  with  graphite  layers  of  Fe  atoms  with  Ta  atoms  in  the  centers  of  the  rings.  The  Ta  atoms  form  h-typc 
layers.  The  Ta  atoms  from  the  c-type  layers  are  one  over  the  other.  ITic  N  atoms  are  apparently  in  the  octa¬ 
hedral  voids. 


n,  A 

c,  A 

cla 

No.  220.  TnjFeN2  go 

.5,1.56 

10,31 

2,000 

(159) 

No.  221.  TajCoNj  s 

.5,161 

10,. 30 

1,996 

(159) 

No.  222.  TnjNiN, 

.5,168 

10,36 

2.00.5 

(1.59) 

Structural  Type  Fe7Mo,jN4 
C.;  F.  gr.  P4i32;  Z  =  1. 


The  Fe  and  Mn  atoms  form  the  8  -Mn  structure  ([1],  p.  320);  the  N  atoms  are  in  the  octahedral  voids  [po¬ 
sition  4(a)]. 


a,  A 

No*.  223.  [)"•  ■  (M»  —  Mo  -  N)  (6.5) 

No.  224.  3"*  -  f>7Moi3N4  6, 69 'i8— 6,7020  (65) 

No.  22,5.  3'"  •  (Go  —  Mo  —  N)  (65) 

No.  226.  3'"  ■  (Ni  —  Mo  —  N)  (6.5) 


n.  ORDER  OF  INTERSTITIAL  PHASES  WITH  STRUCTURES  BASED  ON  THOSE  OF  BINARY  COMPOUNDS  WITH 
SUPERSTRUCTURES. 

Structural  Type  CrjjWjCs 

C.;  F.  gr.  Fm3m;  Z  =  8.  [3],  p.  192. 

t:r(,)4(a).  (:r(„/»8(/i)  :  a:  =  0,165.  Cr(„32(/)  :  x -=  0,385.  W8(c).  C  24(c)  :  x  =  0,275. 

(The  parameters  are  given  for  Cr23Ce;  see  [1],  p.  339). 

All  the  minor  cubes  are  of  the  same  structure.  From  the  center  we  have:  (W)  center.  (Cr)  Laves  polyhedron, 
(Cr)  tetrahedron.  (C)  cube -octahedron,  (Cr)  tetrahedron, 

No,227.  (>2,\V,C,  (160) 

NoJ»28.  Fi‘2,Mo,C«  (160) 

No.229.  Kc..,\V2('hi  1 160) 


•At -196*. 
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Structural  Type  MoC 

H.;  F.  gr,  C6m2;  Z  =  1.  [1],  p.  338. 

Superstructure  of  AlBj  type.  The  Mo  atoms  form  a  framework  of  trigonal  prisms.  The  C  atoms  occupy  half 
the  prisms  in  the  layer.  In  all  the  remaining  prism  layers  occupied  prisms  are  situated  over  other  occupied  prisms 
(compare  witfi  BeSiZr,  Fig.  13). 


a 

c,  A 

c/a 

No. 

230. 

TIq  7C00  3N 

2,94 

2,90 

0,99 

1161) 

No. 

231. 

2,94 

2,89 

0,985 

1161) 

No. 

232. 

2,84 

2,79 

0,985 

1161) 

No. 

2.33. 

MPfl  gNi()  oN 

2,84 

2,78 

0,98 

(161) 

Structural  Type  C03W9C4 
H.;F.  gr.  P6j/mmc;  Z  =  2. 

(3  C^-f3W)j  6(A)  :  X  =0,890.  (3Co  -f  3W)„6(A)  :  x  =  0,555. 
W  12(A)  X  =0,205;  *  =  0,075;  C,2(c).  C,j)6(g). 


The  structure  is  of  the  C01AI5  type.  The  W  atoms  occupy  six  points  of  9 -point  polyhedrons  (witfi  C  atoms 
inside),  forming  prisms.  The  icosahedrons  of  Co  and  W  atoms  are  unoccupied.  The  octahedrons,  joined  by  their 
vertices  and  forming  chains,  are  occupied  by  C  atoms.  The  octahedrons  joined  by  their  triangular  faces  are  un¬ 
occupied  (Fig.  17). 


«,  A 

c/A 

c,  n 

No.  234:  (W  —  Mn  —  C) 

7,756 

7,756 

1,000 

(162) 

No.  235.  (W#Co.,(::4 

7,826 

7,826 

1,(XX) 

(163, 

164) 

No.  236.  K-W,aNiaC 

7,8183 

7,8180 

1,000 

(162, 

165) 

Structural  Type  W^jCoC  -  A4P;C  (us'Carbide  type) 

C.;  F.  gr.  Fd3m;  Z  =  16. 

W48(/)  :  X  =  0,194  *.  W  16(rf).  Co  32(e)  :  x  =  —  0,168  *.  G16(c). 


The  W  and  Co  atoms  are  arranged  as  Ti  and  Cu  atoms  respectively  in  the  TijCu  structural  type.  The  minor 
cubes  of  the  two  types  alternate  as  in  NaCl.  In  cube  I,  starting  from  the  center,  we  have:  (W)  octahedron,  (C) 
tetrahedron,  (Co)  tetrahedron,  distorted  cubic  (W)  cube -octahedron;  in  cube  H;  (Co)  tetrahedron,  (W)  tetrahedron. 


distorted  cubic  (W)  cube -octahedron. 


No.  237.  MoiFcgC 
No.  238.  Mo4CojC 
No.  239.  Mo^NiiC 
No.  240.  via-WiCosC 

No.  241.  O  WeCosC,* 
No.  242.  0-'VflNi.iC 


a,  A 

11,62 

11,25 

11,25 

11,215-11,218 

11,210 

11,25 

11,217 


(1671 
(167) 
(167) 
(168,  169) 
from  (169) 
(163) 
(1651 


Structural  Type  -  WgFe4C)  ~  (A3B3C  ~  A;B4p)  (n  i-carbide  type) 

C.;  F.  gr.  Fm3m;  Z  =  16. 

The  atoms  occupy  the  same  positions  as  in  nfcarbide.  The  additional  atoms  are  in  the  16(d)  positions  and 
statistically  in  48(0  positions.  In  the  Ci  phase  the  C  atoms  additionally  occupy  the  8(a)  position,  and  in  the  C^ 
phase,  only  the  8(a)  position. 


•Parameters  taken  from  [166]. 

•  ‘According  to  [169],  the  0 -phase  corresponds  to  the  formula  Vi^CoiC. 
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a 


No. 

243. 

ZtsV  3G 

12,12  A 

1167] 

No. 

244. 

NbaCrsC 

11,49  A 

[167] 

No. 

245. 

MosMusC 

11,13  A 

(167) 

No. 

246. 

MosFeaC  •• 

11,09-11,12 

(170) 

No. 

247. 

M03C03C 

[167] 

No. 

248. 

M03N  iaC 

11,05  A 

[167] 

No. 

249. 

vii-.MoaFeaN 

11,065—11,095 

A  [65] 

No. 

250. 

WaMnaC 

11,13  A 

11167] 

No. 

251. 

Ci-WaFeaC*** 

11,050—11,125 

A  1166, 

171] 

No. 

252. 

VVaFeaC  —  W2F04C  11,04 

[171, 

172,  173] 

No. 

253. 

Ca-W.FeoC 

10,93  A 

1166] 

No. 

254. 

W3C03C 

11,01 

1170, 

174] 

No. 

255. 

C2.W,Co«C 

10,914  A 

1168) 

No. 

256. 

WaNiaC 

11,15 

[170] 

No. 

257. 

VVaNijC 

10,873  A 

1165] 

SUBCLASS  OF  OTHER  CHEMICAL  COMPOUNDS 

I.  ORDER  OF  TERNARY  COMPOUNDS  WITH  STRUCTURES  BASED  ON  THOSE  OF  BINARY  COMPOUNDS  WITH 
SUPERSTRUCTURES 

Structural  Type  ZnS  (Wurtzite) 

H.;  F.  gr.  C6mc;  Z  =  2.  [1],  pp,  357,  105. 


No.258.  (He,,  Si,)N2  n  =  2,872  A  c  =  'i.liTi  A  c.  a  =  1  ,<527  1 170] 

1.  The  ZnS  (Sphalerite)  Family 
Structural  Type  ZnS  (Sphalerite) 

C.;  F.  gr.  F43m;  Z  =  4.  [1],  p.  356. 

In  Fig.  4,  Zn  atoms  in  position  a,  S  atoms  in  position  d;  positions  b  and  c  not  occupied. 

No.  259.  (Ga,,  ln,)Sl>.  6,34  |I77) 

No.  2()0.  (Ga,.  In2)Sb3  6,37  1177) 

Structural  Type  CuFeS| 

T.;  F.  gr.  14^;  Z  =  2. 

Cu  4(a).  Fe4(6).  S8{d)  ;  j:  =  0,27. 


CuFeS|  is  a  superstructure  of  ^e  sphalerite  type,  with  the  positions  of  the  Zn  atoms  occupied  by  Fe  and  Cu 
atoms. 


a,  A 

c,  A 

c'a 

No.261. 

ZnGcPj 

5,4(i 

10,76 

1,97 

1178] 

No.262. 

ZnGoAsj 

5,64 

11,  lo 

1,967 

1178) 

No.263. 

C(IGeAs» 

5,942 

11,23 

1,889 

1178] 

No,  264. 

C<ISn.As» 

6,092 

11,9.. 

1.957 

1178] 

2.  The  CsCl  —  CaFx  Family  and  Superstructures 
Structural  Type  CaF2 

C.;  F.  gr.  Fm3M;  Z  =  4.  [1],  p.  366;  [3),  p.  165. 

In  Fig.  4.  F  atoms  in  positions  d  and  c;  Ca  atoms  in  position  a;  position  b  not  occupied. 

a 

No.  265.  Co(Miu.  Sb,)  5,888  (179) 

No.  260.  Tn-Gu4(Li,.  AlT.i)*  5,83  A  (18()| 


•The  arrangement  of  the  C  atoms  is  not  clear;  perhaps  statistically  in  8(a)  and  16(c). 

•  ‘The  formula  W^e^jC  is  more  probable ;the  atomic  arrangement  is  different  according  to  [171]  and  [175]. 

•  •  •  When  Cu  atoms  are  in  some  excess  they  are  distributed  together  with  A1  atoms;  if  deficient,  vacant  sites 
are  left. 


91 


No.  2()7.  N  (Lii,  Mgi)  4,970 

No.  2»i8.  PsCLis.  Til)  5,95 

No.  269.  P4(l.i7.  Vi)  5,97., 

No.  270.  P3(Pi5.  Sij)  5,842 

No.  271.  Ps(Li6.  Go,)  5,88 

No.  272.  As3(Lis,  Til)  fi.lS 

No.  27.1.  As4(Li7.  V,)  6,150 

No.  274.  AsslLis,  Si,)  6,043 

No.  275.  As3(Li5,  Go,)  6,(^8 

Structural  Type  LiMgP 

C.;  F.  gr.  F43m;  Z  =  4. 

P4<a).  Mg4<c).  xLi4(b).  (4  -  x)  Li  4<d). 

In  Fig.  4,  Li  atoms  in  pKJsitions  b  and  c;  Mg  atoms  in  position  d;  P  atoms  in  position  a. 

a 

No.  276.  LiMgP  6,01,  (184,  185] 


(1811 

(182) 

(183) 

11821 

(182) 

[1821 

(1831 

(182) 

(1821 


Structural  Type  As(AgMg) 

C.;  F.  gr.  F  43m;  Z  =  4. 

As4<a).  Ag4(c).  Mg  4(d). 

In  Fig.  4.  As  atoms  in  position  a;  Ag  atoms  in  position  d;  Mg  atoms  in  position  c;  position  b  not  occupied. 


a  a 


No.  277. 

Ni(MgShl 

6,030 

(1791 

No.  285. 

N(LiZn) 

4,877 

(1811 

No.  288. 

Ni(MglU) 

6,154 

11791 

No.  286. 

P(LiZn) 

r),768 

(1841 

No.  279. 

Cu(MgSn) 

6,214 

(83,  186, 

1871 

No.  287. 

As(LiMg) 

6,21 

(1921 

No.  289. 

C;n(MuSb) 

6,1.52 

(186,  188, 

1891 

No.  288. 

As(LiZn) 

5,91, 

(1841 

No.  281. 

CiiiMu'lli) 

6,2.56 

11881 

No.  289. 

As(NaZn) 

5,90o 

(1911 

No.  282. 

G»i(MnSl)) 

6,0.54 

11791 

No.  290- 

As(MgAg) 

6,240 

11881 

No.  283. 

GiilCdSb) 

6,262 

[m)\ 

No,  291. 

Sb(Li.\lg) 

6,61 

[1921 

No.  284 

Ac(ZnAs) 

.5,;KM) 

(1911 

No,  292. 

Hi(LiMg) 

6,75 

(1921 

Structural  Type  N;(Li|Al) 

C.;  F.  gr.  Ia3;  Z  =  16. 

For  Nad.iaAl);  N(,)8{n).  N,2)24(d);  x  =  0,205.  A 1  16(c):  x  =  0,115.  Li  48(c):  x -.a. 
^  11,160;  y  -  0,382;  s  =  0,110. 

For  N..(I.i3(’ia):  =  0,215;  =0,117;  .r^i— 0,1.52;  i/gj=0,381;zj,  =  0,114. 

For  N3(Li5Ge):  Xj^ ^2^=  0,205;  =  0,115;  x^j  —  *25;  yj  j=0,375. 


Somewhat  distorted  superstructure  of  CaFj  type.  The  Li  and  A1  atoms  are  in  the  positions  of  F  atoms  and 
form  a  simple  cubic  structure.  Each  A1  atoms  has  six  neighboring  Li  atoms;  each  Li  atom  has  two  nei^boring 
Al*  atoms.  The  LijAlNj  type  (Fig.  18)  in  which  the  positions  of  the  A1  atoms  are  not  occupied  corresponds  to 
the  MntOi  type. 


a 

No^  293.  N.,(Li5Ti)  9,700 

No.  294.  No(Li3Al)  9,46, 

No.  295.  N2(Li3Ga)  9,592 

No.  296.  N3(LisSi)  9,436  A 

No.  297.  N3(Li5Gc)  9,614  A 

No.  298.  IMLigGa)  11,74 


11941 

(195,  196) 
(195,  196) 
(194) 

11941 

(1821 


Structural  Type  Asj(LijGa) 

T.;  distorted  N2(LijAl) 

No.  299.  As.,(l.i.,Ga)  >=11,94  c  =  12,13  c/a  =  1 ,016  (1821 


•This  type  of  superstructure  is  not  given  in  [193]. 
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Structural  Type  P|(LiaAl) 

R.;  F.  gr,  Ibca;  Z  =  16. 

8(a).  P„,8(c).  P,h8(«).  .A116(/).  Lij  16(/).  Li„16(/). 


Distorted  N|(Li|Al)  type 


a,  k  b,  k  c,  k 


No.  300.  P.2(LiaAl)  11,471  11,610  11,731  (197) 
No.  301.  AsslI-iaAl)  11,865  11,981  12,114  (1971 


Structural  Type  N4(Ll7V) 


C.;F.  gr.  P  43n; 


Z  =  8. 


Vj  2(a).  VnC(c).  N,8(e):  x=0,120. 
Ni,24(«);  Lii  6(6).  LiiiG(d). 

I.i,„8(c):  x=>/4.  1  i,v  12(/):  x=V4. 

I.iy  24(i):  x-y-^U;  z=0. 


Superstructure  of  GaF|  type.  The  LI  and  V  atoms  In  ordered  positions  of  F  atoms.  Each  N  atom  Is  In  a  cube 
of  seven  LI  atoms  and  one  V  atom.  Eight  such  cubes  form  one  large  cube  of  LI  atoms  with  a  V  atom  In  the  center. 
The  relative  positions  of  the  large  cubes  are  such  that  the  V  atoms  form  a  structure  of  the  6  *W  type  (Fig.  19). 

a,  A 

No.  302.  N4(Li7Vj  9,60*  (198,  199) 

No.  303.  N*(Li7Mn)  9,57i  (198) 


Structural  Type  P;(Ll|Mn) 

T.;  F.  gr.  P42m:  Z  =  2. 

P4(n);  X  =  0.25;  z  =  0.26 

Li,  1(a).  Li„,  2(e).  (I.i.  Mn)i  1(6).  (Li.  Mn),il(c).  (Li.  Mn)i„  2(/). 

In  Fig.  4,  the  LI  atoms  occupy  points  In  the  lowei  and  upper  face  of  die  major  cube;  the  Li,  Mn  atoms  are 
in  die  median  plane  of  the  major  cube;  P  atoms  are  In  die  upper  face  of  the  minor  cube.  The  four  corners  of 
die  lower  face  of  this  cube  are  unoccupied. 

No.304.  IMLisMn)  a  =  5,888  A  c  =  5,083  A  c/a  =  1 ,016  (  2001 

3.  The  FejAs  Family 
Structural  Type  Cu(  MgAs) 

T.;  F.  gr.  P4/nmm;  Z  =  2. 

Cu2(a).  Mg2(c):  z  = -0.250.  As2(c);  z  =  0.335. 

Superstructure  of  Cu^Sb  type;  in  Fig.  4  the  As  and  Mg  atoms  are  in  positions  a  and  b.  The  As  atoms  are  dis 
placed  from  the  ideal  position  (the  ideal  is  z  ^  0.375).  The  Cu  atoms  occupy  the  centers  of  the  four  top  cubes. 
The  centers  of  die  four  bottom  cubes  are  unoccupied. 

No.305.  Cu(MgAs)  a  =  3,959  c  =  6,225  c/a  =  1,57,  (186,  1881 

Structural  Type  MgAgSb 

Somewhat  distorted  Cu(MgAs)  type 

No.  306.  Mg.AgSb  (1881 

4.  Family  of  Other  Structural  Types 
Structural  Type  FeS|  (pyrite). 
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C.;  F.  gr.  Pa3;  Z  «  4.  [1],  p.  393. 

CaFj  type  in  which  the  S  atoms  are  displaced  from  die  cube  centers  with  fcvmation  of  $2  dumb-bells  along 
four  nonintersecting  threefold  axes. 

No.  307.  (iNiu.,;l*d„,8«).As  *  1201) 

Structural  Type  La20^ 

H.;  F.  gr.  C3m;  Z  =  1.  [1],  p.  404  (La202). 

Superstructure  of  La20|.  Very  flattened  cubic  ABC  closest  packing  of  O  and  S  atoms.  As  in  Pt2Sn2,  the  te¬ 
trahedrons  in  the  incompleted  layer  join  with  octahedrons  to  form  7 -point  polyhedrons  (cubes  with  one  corner 
missing).  The  coordination  number  of  the  La  atoms  is  7;  the  type  is  close  to  Ni2Alj. 

a  c  c;a 

No.  308.  Mg(M^,  ZiOiSba  i, 573 -'i,. 172  7,220— 7,151  -1,581  — l.O.lfl  (202) 

Structural  Type  CoAsj 

C.:  F.  gr.  Im3;  Z  =  8.  [1],  p.  396  and  [63]  p.  197. 

No.  309.  (Ff,  rt^8,2l.V'|20:i| 

CLASS  AXY 

I.  ORDER  OF  INTERSTITIAL  PHASES 
Structural  Type  G-Fe2N 
R.;  F.  gr.  Pbcn;  Z  =  4. 

N  'i(r)  :  y  =  ‘/b.  Fo8(d)  :  x  =  ‘/i;  y  =  Vi*;  z  =  Vi- 

Zigzag  chains  of  occupied  octahedrons  alternate  in  a  layer  and  nei^boring  layers  with  similar  chains  of 
unfilled  octahedrons.  The  arrangement  of  N  atoms  is  shown  in  Fig.  20a. 

No.  310.  (;-Fc5(C,  N)  rt  =  4,830— i, 851  (»  =  4, 4011—4. .183  A  r  2,701—2,750  A  |204J 

Structural  Type  e  -FefN 
H.;  F.  gr.  C6,2;  Z  =  2. 

N  2(c),  Fe  6(h)'  x  =  V3. 

The  Fe  atoms  are  in  hexagonal  closest  packing.  Octahedrons  with  N  atoms  are  in  centers  of  rings  in  graphite 
layers  of  empty  octahedrons.  In  the  direction  of  the  c  axis  the  occupied  octahedrons  are  one  above  the  other 
(Fig.  20b). 

No.  311.  £  Fe.i_s(C.  N)  3,885-3,983  A  c=4,730— 4,414  A  c/a  =  1 ,217— 1 ,109)204  ,  205) 

No. 312.  «-Nij(C,  N)  12061 


Structiual  Type  NaCl 

C.;  F.  gr.  Fm3m;  Z  =  4.  [1].  pp.  103,  350. 

In  Fig.  4,  Na  atoms  are  in  position  a  and  Cl  atoms  in  position  b;  positions  c  and  d  are  unoccupied. 

No.  .313.  lUlC.  N)  a  4,93  A  (207) 

II.  ORDER  OF  CARBONITRIDES 
Structural  Type  AljCjN 
H.;  F.  gr.  PSimc;  Z  =  2. 

•Possibly  this  phase  is  not  a  ternary  compound  but  a  solid  solution  of  palladium  and  nickel  in  the  compound  PdAs2. 
•  •  Possibly  a  metallide  solution. 
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Al(,,2{rt):  z-  AI,2)2(«):  =-  O.OVj.'). 

r  =  0./.r)6.  Al,^,2(rt):  =  =  0.:{45.  Al^-.p’(6):  s  =  0,240. 

C^,^2(h):  r  =  0,13.^.  C,2)2(rt):  ;  =  0,0014. 

Cj3,2(/>):  r  =  0,300.  N  2(a):  ;  ^  0.250. 

The  A1  atotns  are  in  10 -layer  closest  packing  of  tfie  ABABACBCBC  type.  The  octahedral  voids  between 
each  pair  of  c-type  layers  contain  C  atoms.  The  paired  tetrahedral  voids  in  h-type  layers  contain  N  and  C  atoms; 
a  layer  of  N  atoms  is  between  two  layers  of  C  atoms.  The  C  and  N  atoms  are  slightly  displaced  from  the  paired 
tetrahedral  voids  into  one  of  the  tetrahedrons. 

No.314.  AljCiN  a  =--.3, 280 A  r=.2l.:MA  c'o^n, 375  [  208) 
in.  ORDER  OF  TERNARY  COMPOUNDS  WITH  THE  STRUCTURE  OF  BINARY  COMPOUNDS 
Structural  Type  AuZn| 

C.;  F.  gr.  Pm3n;  Z  =  4. 

Auj,j2(a).  Au^2)®(0-  Zn24(c):  y  =  0,lGs:  z=0,30o. 

The  Au  atoms  form  a  B-W  structure, some  of  the  tetrahedral  voids  of  which  contain  Zn  atoms.  The  latter, 
in  their  turn,  form  icosahedrons  and  somewhat  distorted  cube -octahedrons  containing  Au  atoms.  The  three-sided 
prisms  of  Zn  atoms  are  empty.  In  this  structural  type  the  places  of  the  Au  atoms  are  occupied  by  As  and  Sb  atoms. 

No.  3i5*.  (Asi,  Sbi)Cn,  7,575  (21,  209) 


TERNARY  COMPOUNDS  OF  INCOMPLETELY  ESTABLISHED  STRUCTURE 


!Liter- 

No. 

Compound 

Lattice  constants 

Notes  [aiUf^ 

I 

Cubic  system  ! 

3l(i 

LiMgAU 

a  =20,2  A 

Pseudocubic;  tetragonal  or 

(48) 

317 

LiTNbN, 

rhombic  distortion;  isomor- 

318 

phous  with  N4(Li7Ta) 

(199) 

lAjTaiN, 

Pseudocubic  with  tetragonal 

319 

UcsCCr.Fc),  l.t. 

or  rhombic  distortion; 
isomorphous  with  N4(Li7Nb) 

(199) 

a  =  G.04 

Face -centered;  decomposes 

320 

Q  •  Mg«CtitAl7 

on  cooling 

188) 

a  =  12,087  A 

^r.  I-  3  -  ;  Z  =  6 

The  y  -brass  type;  constant 
double  that  of  binary 

1210) 

321 

7  -  AliCuiiSn..*  • 

a  =  17,75-17,78 

321a 

(U.Nb)C 

phases 

(67) 

a  =4,693  A 

Face-centered 

1234) 

322 

U  1  Ojj 

a  =  4,41  A 

Face -centered 

(211) 

322a 

G  -  TigNi|j)Si( 

a  =  11,198A 

Z  =  4;  F.gr.  Fm3m  (pos- 

a  =  3,94  A  (or  i 

sibly  with  subgroups) 

(235) 

323 

TiC«r.  Al„ 

(212) 

2-3,94  A) 

32'i 

(Ti  — Al-C) 

o  =  ii,20 

Constant  for  composition 

(213) 

a  =  7,045  A 

10  wt.*^  Al,  1  wt.  ‘5fcC 

325 

ZrNIH 

Similar  to  ZrNi;  ZrNiH  and 

ZrNiH3  may  possibly  be 
the  same  phase 

(214) 

32G 

ZiNills 

a  =7,40A 

Similar  to  ZrNi  (see  No.  325) 

pseudocubic  cell 

(214) 

327 

y  -(Mn—  Ni  —  Cu) 

a  =  3,71o  A 

(215) 

328 

MniCusAl 

a  =  6,89 

Face -centered;  Z  =  4 

(216) 

329 

c  -  (Mn  —  Al  — Si) 

a  = 12,625 

Approximate  comp.  MnsAlijSi 
Structural  type  a-(Fe-Al-Si) 

(100) 

•No.  316-368  are  collected  in  the  table. 

•  *The  authors  of  [7]  consider  the  formula  CU|igAl(|Sn44  to  be  more  correct  on  the  basis  of  valence -electron  con¬ 
centration. 
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Lattice  constants 


Notes 


c.(Fe-Al-Si)  I  a  =  12,523 


a3-(Fc  — A1 -Si)  rt  =  16,fMJ 
T2-(Ni -Cn-AI)  a  =  14,()A 


NiiACncoOcjs  • 


Ti  -  LiCuAlj 


TiCu,„  Al, 


(TiFe)V 


MnoCN 

a  -  (Fe  —  Al  —  Si) 


oj  -  (Fe  —  Al —  Si) 


(Fe  —  Al  —  Si) 


(Fe  —  Si  —  N) 


(Ni,  Cu)5Ge2 


U  -  MgjCuzAl 


(Ti  —  Cu  -  Al) 


FeCuiAli2 


7-FeAl4Si2 


Cu2AuZn 

S'-MgCuAU 

MojBtAU 


fl  =  8 , 250 


Hexagonal  system 

a  =  4,97  A  C 

c  =  9,35  A 
c/a  =  1 ,88 

a  =  5,05  F 

c  =  8,06 

c/a  =  1 ,596 

a  =  4,88  A 

c  =  7,96  A 

c/a  =  1,63 

a  =  12,3A  F 

c  =  26,2  A 
c/a  =2,13 

a  =  4,95  C 

c  =  7,07 

c/a  =  1,43 

a  =  8,36  A 

c  =  14,58  A 

c/a  =  1 ,915 

a  =2,6;J6  A 
c  =  4,316  A 
c/a  =  1 ,637 
a  =6,85-6,96*  « 

c=12, 50-12, 62* 
c/a  =  l,823-l,815* 

Tetragonal  system 

a  =  5,71  i 

c  =7,94 
:1a  =  1,39 


Another  representation  is 
ct-Fei.5  AlflSi;  Rtrwcturally 
similar  to  FeAlj  and  FeAly 

Constant  for  composition 
35.3wt>Fe,12.8  wt. 

Laue  class  m3m;  according 
to  [52]  T2  phase  idential 
withTs 

Structure  close  to  y -brass 
type 

Constants  for  composition 
52,8  wt.  °io  Cu,  5.4  \it.io  Li 

F.gr,  P6/mmm  (other  sub¬ 
groups  possible) 


I  F.gr.  P63/  mmc 

*  Constants  for  composition 
24.2  wt.%Fe,  ll.3wt.‘7oSi 


!  tor  comp( 
.%Fe.  11. 


Structural  type  Ni5As2 


a  =  3,55«  A 
c  =  4,625  A 
c/a  =  1,30 
a  =  6,32 
c  =  14,72 
c/a  =  2,29 


According  to  [110],  this 
compound  is  in  the  (S+a) 
two- phase  region,  where  S 
is  ~  MgCuAl^and  a  is  a 
solid  AT(Mg,  Cu)  solution 
Body-centered 


a  =6,11 
c  =9,46 
c/a  =  1 ,55 


Rhombic  system 

a  =  8,40  A 
b  =  5,66  A 
a  =6,34 
6  =  7,03 
c  =  5,76 


Constants  for  composition 
38  wt.*!^  Cu,  9  wt.  ^  Fe 
F.gr.  rf4h;  Z  =  2 
According  to  [107],  con¬ 
firmed  in  [1081,  this  com¬ 
position  is  in  the  two -phase 
region.  According  to  [100], 
the  Ali2Cu4Fe  structure  is 
analogous  to  the  Al7Cu2Fe 
structure 

Another  representation  is 
t-(Fe- Al-Si).  According  to 
[217],  corresponds  to  the 
composition  Fej  5AI1  jSi 


After  quenching  and  aging; 

constant  c  not  given 
Z  =  1 


I  I  c  =  5*76  i  Phase  rich  in  Mn  and  Cu  j  |229 

•  This  composition  corresponds  to  at  least  two  phases,  apparently  with  the  gamma-brass  structure. 

•  ‘For  valence  -electron  concentrations  from  1.25  to  1.6  eiyat.  respectively 


3r*i» 

360 


361 

362 


363 

364 

365 

366 

367 
3(>6 


9-FcCnioAI|„ 

(FpCoAsi) 


Monoclinic  system 

Allied  to  6  -(Ni2AM 


rt  =5,25  A 
6  =  2,93  A 
c  =  5,97  A 


Aiiiea  lo  o 

F.gr.  P  2/ ml  Z  =  I 


Triclinic  system 


Undetermined  system 


No.  j 

1  Compound 

Lattice  constants 

Notes 

Liter¬ 

ature 

3.50 

y-(Mn  —  Ci.  — Al) 

a  = 14,79 
b  =  12, Wt 
c  =  13,43 

1 

[1151 

3.>1 

T' J  -  MO'sZnAlp 

..w 

1117) 

352 

(Fc  —  Al  —  Si) 

a  =  C,09  A 
b  =  9,90  A 
c  =  3,74A 

F  gr.  Vh 

! 

12211 

353 

.354 

355 

^"'-(Ni  —  Cu  -  Al) 

CiiAiiZii 

CnjAus'/.ii 

a  =  4,22  A 
h  =  4,39  A 
c  =  5,32  A 

Constants  for  composition; 

>  12wt.‘^Al,  ~4‘l(tNi; 
nonequilibrium  phase 
formed  by  quenchii^ 

According  to  [31],  possibly 
Au2(Cu.  Zn) 

(2.30) 

1321 

(321 

Znl’bl’u 

a  =  10,5.5 
b  =  12,0!» 
c  =  9,8.5 

F.gr.  Pbnm  or  Pbn  Z  =  4 

1231) 

3,57 

GdPbl*u 

a  =10,71 

5  =  12,80 
c  =  9,91 

F.gr.  Pbnm;  Pbn 

(231) 

.358 

Ht?PbP,, 

a  =  1(»,09 

6=  12,77 
c  =  9,91 

F.gr.  Pbnm;  Pbn 

(231) 

(K»'  —  C  —  Si) 

a  =6,4  A 

For  the  composition  ~  14 

c  =  9,6  A 

at.  Si  and  4*^  Ni;  non¬ 

(Fo  —  Al  —  Si) 

c/a  =  1,5 

equilibrium  phase  formed 

a  =  6,88  A 
b  =  5,93  A 
c  =  4,32A 
a  = 104»45' 

3  =  13()“40' 

7  =  68‘’24' 

by  quenching 

N{Cv  —  .Mo  —  Fc) 

By  x-ray  pattern  similar  to 

(Cl  .  Co)aTi 

R-(Cr-Mo-Co) 

Laves  phase;  po^ibly  with 

Miii..CosSi5 

superstructure 

Allied  to  o -phases;  comp. 

r-(Fc.  Ni)„Zii„ 

determined  approximately 
May  be  structurally  similar 

X-FoCiijoAIis 

3  -  FcAI,,_.  Si 

a  =6, 18  A 
c  =  42.5  A 

to  6  -CO||Zng9 

Allied  to  FeCujoAlio 

Another  representation 
m-fFe-Al-Si) 

Laue  class  4/m,  according 

•  to  [100]  aj  =  a2  =  6.11; 
a,  =  41.4;  aj  =  91* 

(1071 


1232) 


(2331 


1221) 


|57, 

230) 

(237) 

128) 

(2.381 

11071 

MOO. 

217, 

227, 

239) 
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Index  of  Ternary  Metallic  Compounds 


Compound 

*M  0 

Compound 

•C  0 

Compound 

1 


(Aif,  Al)i(’a 

ApAsMp 

ApAs/ii 

P'-ApAiiZiij 

ApMpSb 
P'-CAp,  MpOsSn 
Ae„^Mg/n,6 

Al  AsjF^is 
Al8lt7M07 

5,-(AI  —  He  — Cu) 
Aljlic,  .,Fo 
AlC^Coa 
AlCjFCr, 

AlCMii, 

Als^.^aN 

AlC^Ni.i 

(A1  -C  — Ti) 

(Al.  MuOiCd 

A^t  !n(bi. 
/i-Al.sCr.Mp:, 
Ali2(Cr,  Mil) 

o-AliiiCi^Si^ 

3-(AI.  Si)..(:i 
oi-AI^CiiaFo 
7-AI|oCiI|oFo 
Ali’C.uiFo 
X-A'IihCiiioFo 
(Al,  Cn)A(Cn,  Fc) 
/’,-AljCiilA 
r„AI-,C,i,l.i 
Ah’uMp,  h.t. 
Air.iiMp,  l.t. 
(/-AlCiijMpo 
.S’-Al.CiiMp 
.'I'-AloCuMp 
r/'-AljCiuMp, 
V’-AlstbicMg.. 
()-Al7CU!|Mp« 
r-(AI.  C»)«nMR;,j 
AlCu.Mii,  h.t. 
AlCiiaMiii 
.M>nCii2Mn3 
7-(.\I  —  Cii  —  Mn) 
Al3(Cu,  Ni)a 
Al6(Cii,  Ni)4 
T  |-Al7Cu4Ni 
Al7(Cii,  Ni)6 
AI,(Cii.  Ni),. 
AI||(Cu,  Ni)u 
AI|3(Cu.  Ni)s 
AI,:.(Cii.  Ni),o 

AIi7(Cu,  Ni)i5 

p-'-fAl  —  Cu  —  Ni) 
r2-(Al  —  Cii  —  Ni) 


0.'. 

2fX) 

284 

45 

94 

306 

25 

115 

77 

301 

349 

90 
88 

204 
203 
202 
.314 

205 
.324 

12 

135 

144 
1.32 
192 

145 
1.34 
359 
345 
.367 
129 
334 
266 
111 

91 
343 

136 
348 

72 

133 

320 

142 

36 

328 

139 

;)50 

48 
5i) 
56 
5? 

54 

49 
51 
53 

55 
353 
332 


7-Al;Cni2Sn2  1 

•^h  aT-  F»-  -  SO- 
•  •~tn-(AI  —  Fe-  SI) 
•  •  •  ~c-(AI  —  Fe  — SI) 
•  •  •  *^0  (Al  -  Mn  -  Si) 


321 


P'-AfiCniiSii 

AlyCu^Ti 

Al,Cu;„Ti 

(Al  —  Cn  —  Ti) 

T- AljCiiiZni 

T'-AljCusZnj 

p-Alo(Fc,  Ni)s 

7:-AlioF<*.7Ni 

Y-AliFoSij* 

p-Al,_5FcSi** 

a-AlflFc,  jSi  •  •  • 

o-(AI  —  Fe  —  Si) 

or(Al  —  Fe  —  Si) 

osIaI  —  Fe  —  Si) 

(Al  —  Fc  —  Si) 

(Al  —  Fc  —  Si) 

(Al  -  Fe  —  Si) 

AUC.oPds 

All.i7Mp 

AI. LiMp 
All.i.,N; 

AWM'i 

T  (\\,  Znh.Mpaj 

:\lAnMni|.\i4 

3-Al«Mi).7Si 

AlijMnaSi 

T. -AliiMnaZii 

Al24Mn.-,Zn 

p-(AI.  Mn)Ti 

AINaSii 

AlNi.Si 

AlNi,Ti 

ps-AlNiaTi 

AlaPihSi 

(Al.  Si)..\V 

As-iOirte 

AsACdSi) 

As?(Co,  Fo) 

AS4C0FC 

A.s(3iMp 

AsCunSb 

AssGaLis 

AssGcIA.-, 

AsoGcZi) 

Asl.iMp 

A.saLisSi 

As.7lAsTi 

As4l-i7V 

AsLiZii 

A.sNaZn 

AsNi  I 
‘‘0.12 

AU75Cd2  g. 

Aii75Cdj 
Aii75Cd  tolnu 
AuTsCdjj  jlnj2  g 

**78. 7^*^  12. 6^  ^8,* 


*^0.8K 
^*^22. 6 
'.■).6^”21.5 


65 
323 
.335 
'  344 
i  23 
57 
128 

130 
346 
368 

330 

3.38 

3.39 

331 
340 
352 
362 
155 

47 

316 

294 

:«)0 

143 

141 

131 
.329 
351 
140 

146 
20 
148 
1a52 

32 

21 

154 

147 

263 

264 
309 
360 
305 
.315 
299 
275 
262 

287 
274 

272 

273 

288 
289 
307 

14 
16 

17 

18 

15 
I  13 


Si, 


AiiCiiZii 
AuCiiZnj 
AuCuiZn 
AiitCiiZi) 
AiisGtiAZn 
AiisGaj/jZn^  3 
AiiaGa^  jZi),  ^ 
AiisGaZn^ 
AiulnsSn.-! 
B2C0M0.. 

B4C0M03 
BC04  ,Sii 
B4CriNi 

(B  — Cr  — Si) 

B4FCM02 
BFc^  .Si  t 
RsFcjSi 
(B.  Si)Fca 
BjMn.'.Si 
BsMojNi 
B4Mo2Ni 
BaMo-Si 

B,+„Nb,_.Si3_y 
(M_Nb  — Si) 
BNieSij 

(B  — Si— Ta) 
mSiV., 

(B  — Si  — Zr) 

Bci  gCoj,  gMn 

Be4CoMn 

Bc2(Cr,  Fo) 

Bc..(Cr.  Fo,)  h.t. 

BcN2Si 

BcSiZr 

BiCuMg 

BiLiMp 

BiMpNi 

Cj^CosGc 

CjfCoali) 

C^CoaMp 

CC02M04 

CCojMoa 

CjfCoaSn 

irj2-CCOiW4 

CCosW, 

K^-CCo^Wq 

0-r.2Co,We 

C4C03W  j 

CjjCosZn 

CCrsNba 

^x+w^''6-A^'3  -y 
C«Cr7iWa 


.354 

44 

347 

24 

355 


8 

5 

127 

157 

170 

190 
168 
185 
162 
169 
189 
166 
149 
1(>5 

158 

171 

163 
179 
160 

191 
182 
161 

159 
176 

164 
173 

85 

105 

104 

319 

258 

167 

281 

292 

278 

213 

209 

194 

238 

247 

217 

240 

254 

255 

241 
235 
200 
244 
186 
227 


98 


Compound 


CsOg 

OjfFpjIu 

CKcrjMoi 
CF03M03 
CflP  OjiMog 

C  (C.  N)Fo2 
e-(C.N)  FOj_3 
(C  — Fe  — Si) 

{'FciiSii 

C^FoaSn 

A'-rCFoaVVa 

CFcaWs 

CF(v,\V2 

A’2-('F(’flVVo 

UFe,,W2 

_  Fc  -  W) 
C^FcaZn 
CGaMiia 
(^GpMuj 
Cj^.GoN  is 
C^lnMiis 
•C^.lnNi3 
A-C^MgNis 
•(’MUriMos 

GMiiftN 

GMiisWs 
(C  —  Mii  —  VV) 
GMuriZn 
CMnaZti  • 

^  jMosNis 
GMo4Ni2 

^  '.\+!/^^*’6— *®*3— 1/ 
«■(('.  N)Ni3 
(G.  N)  U2 
(C.  Si)  Nbi 
(G_  Nb  — Si) 
<’(Nb.  D) 

('NiaWs 
O-GNiaWa 
A'-CNisVV,, 
GNirAVo 
G,^.  N  i.-iZn 

1/  *  •'6-.V 

(G,  —  Si  —  Zr) 
(G,-Si  — V) 

*  '.v-f  K^'a— y^6— .V 

<C  —  Si  —  Zr) 

C„Ta,U 

('VsZi-s 

Ca(G<l.  Mg)2 

CaarbaSns 

Gn.l’baTIg 

CajSiiaTIa 

CdCnSb 

Cd(biZn 

CilPuI’b 

Co2Cr2Si 

(Co4Gr)2Ti 

•  at  -  196* 


<d 

C  O 

t)  Z 
(/5 


Compound 


212 

20a 

2;J7 

2^i0 

228 

:mo 

311 
301 
210 
210 
201 
Z')2 
202 
203 
221) 

O'l 

199 

200 
211 

214 
207 
210 
190 
245 
337 

215 
250 
ZVi 
198 
218 
248 
239 

187 

312 

313 
150 
180 

321 
200 

242 
236 
257 
201 
183 
172 
177 

188 
174 

322 

243 
93 

3 

•> 

1 

283 

87 

357 

61 

59 

364 


(Co.Cr),Zr 
CoCuaSii 
CoFe  Gc 
Co4GnGc3 
CoGoMn 
(0)2GnMn 
Co„,MgZn,3 

CoMnSb 
CojMnSi 
CoaMniiSift 

(Co  —  Mn  —  Si) 
CoaMnSn 
pf"  •  (Go  —  Mo  - 
('0N2  a* 

*0,7 

GoNiSb 
GoNiSn 
(O,  Ni)^!,’ 
ColnTi 
GoTaV 
(Go.  V)2Zr 
iV-(Cr  —  Fe  —  Mo) 
o-(Gr  —  Fe  —  Mo) 
X-(G,r  —  Fe  —  Mo) 
X-(Gr  —  Fe  —  Ni) 
xGr7Fc|7Ti6 
X-(Gr  —  Fc  —  W) 

l’-(..ri3Mo42Ni4o 
CrsNisSia 
CrosNiasSiio 
CrNi  Ta 
Cr.Ni-AV 
CrNiZr 
GiiFel’ti 
GU2FCS11, 

CiiiFeSii, 

CusliaMn 
~  Cu2(ie2Ni3 

GiiortGeojNiis 
Ciiogl  iCaoNiij 

Gii^liiMu 
Cu..?nSn 
CiiMi'Sb 
CiiaMg-Si,  h.t. 
CusMgsSi,  l.t. 
Cu,flMuaSi7 
GtiMgSn 
Gii«MgSn 
CiiMg.Zns 
F-CiiMg2Zn4 
^-(Gu— Mg  — Zn) 
7-(Cu  —  Mn  —  Ni) 
GuMnSb 
Cii-iMnSn,  h.t. 
GuaMnSn,  l.t, 
CuhM  04811 
p-(Cu.  Ni)3Sb 
CiisNiSn 
(Cu,  N  1)3811 
GuPtZns 


N) 


h.t. 

l.t. 


c  o 


Compound 


98 

41 

123 
100 
122 

28 

73 

232 

265 

22 

300 

106 

2!) 

225 

221 

230 

124 
119 
118 

99 
100 

97 

303 

68 

60 

63 

08 

62 

137 

00 

70 

103 

09 

79 

4 

40 

10 

37 

342 

333 

07 

.38 

4.3 

280 

114 

109 

193 

279 

89 

112 

113 

76 

327 

282 

39 

9 

81? 

27 

42 
26 

6 

102 


GuTaV 

FoaC'tnGc 

FcGeM  II 

FcGeNI 

r]i  -  FcsMosN 

P”‘-F07Mo,3N4 

P-(Fo  —  Mo  —  Ni) 

FeaNNi 

FeaNPt 

(Fe  —  N  —  Si) 

FpN.,„„Ta3 

FeNiTa 

FcNiU 

(Fe.  Ni),ji: 

7’-(Fe,  Ni)iiZii»* 

FeSiTi 

Fe  Ti  V 

(Fe.  V),Zr 

Ga6(''eNi7 

Ga(ic4nb5 

GalnSba 

Galn.Sba 

GaGiaNj 

Gal.iaPt 

Gcl.isNa 

Gcl.isPa 

('icMiiNi 

GicMnNia 

GelVZn 

llNiZr 

IlaNiZr 

IltlGiaTl 

llgPuPb 

IrOsHu 

l.iMgN 

l.iMgP 

GiMgSb 

O-l.iMgZn 

l.i.MgZn 

LiTiMnNa 

l-iaMnPa 

l,i7N4Nb 

l.itNnSi 

i-i7N4Ta 

FijNsTi 

I.i:N4V 

l.iNZii 

Giil’nSi 

GiiPaTi 

Gial’iV 

I.il’Zii 

MgNiSb 

MgNieSb 

MgNi|  gSijj  2 

MgNijSn 
Mg(Ni,  Zn)2 
(Mg  —  Sb  —  Zn) 
pm  -(Mn  —  Mo  —  N) 

*0.2 

MnN4Taa 
MnNijSb 
(Mil  —  Ni  —  Si) 


1  81 
120 
120 
121 
249 
224 
138 

196 

197 
:i41 
220 

83 

84 
117 
366 
108 

90 

1.03 

101 

r)9 

200 

295 

298 

297 

271 

125 

33 

261 

325 

320 

19 

.358 

11 

267 

276 
291 
110 

71 

40 

:i03 

304 

.317 

2{m; 

318 

293 

302 

285 

270 

208 

269 

280 

277 
31 


’M) 

74 

308 

223 

233 

219 

.35 

107 


99 


Compound 

Serial 

No. 

Conijxjund 

Serial 

No. 

Compound 

Serial 

No. 

MiiNiiSn 

:vi 

(N  — Nb  — Si) 

181 

(N  —  Si  —  Zr) 

17.'> 

(Mu.  Ni),U 

110 

N,  ,,NiTn, 

222 

G-NiisSiiTid 

322 

MiiNiZr 

80 

NNi-  -'I’i-  _ 

231 

NlTnV 

101 

82 

0,3  0,7 

N  Si„  .Til,  ^ 

184 

78 

P»«(Mo  —  N  —  Ni) 

226 

*  z  3— 1/  6~x 

(N  — Si- V) 

178 

P,«I’bZn 

350 

j  100 
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Starting  with  this  issue,  Zhurnal  Strukturnoi  Khimii  will  regularly  publish  lists  of  publications  which  have 
appeared  in  tlie  world's  scientific  literature  during  recent  years  and  which  contain  new  data  on  crystal  structures. 
The  ILsts  will  appear  in  every  Issue  of  the  journal  and  will  contain  bibliographies  covering  one  year  in  the  fol¬ 
lowing  sections: 

A)  Metals. 

B)  Inorganic  compounds. 

C)  Organic  compounds. 
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B.  Inorganic  compounds  for 

1956 

3 
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Subsequent  volumes  of  die  journal  will  contain  lists  for  publications  for  1958  and  the  following  years. 

These  lists  are  prepared  as  follows.  Papers  published  in  foreign  journals  are  taken  from  the  lists  of  the 
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international  publication  Structure  Reports.  It  must  be  pointed  out  that  the  range  of  publications  in  the  lists  for 
1956  is  somewhat  wider  owing  to  inclusion  of  some  papiers  of  a  theoretical  and  review  character,  and  also  of 
papers  which  do  not  contain  crystal  structure  data  in  the  narrow  sense  but  which  are  of  definite  intei  est  from  the 
structure  aspect.  Future  selection  will  probably  be  more  rigid,  in  conformity  with  the  decisions  of  the  Commis¬ 
sion  on  Crystal  Structure  Data,  adopted  at  die  meetings  in  Cambridge  on  August  13  and  19,  1960.  The;  lists  are 
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emy  of  Sciences  USSR);  the  editor  in  chief  is  Corresponding  Member  of  the  Academy  of  Sciences  USSR  G.  B. 
Bokii. 


Note.  The  transliteration  system  employed  for  the  rendering  of  Russian  name^  into  the  Latin  alphabet  is  known  as 
British -American  Standard  and  is  used  throughout  this  journal,  with  die  following  exceptions:  In  this  bibliography, 
die  Cyrillic  letters  10  and  >1  will  be  rendered  as  ju  and  ja,  respectively,  rather  than  as  the  usual  equivalents  of 
yu  and  ya;  consequently,  entries  translated  from  the  Russian  which  beai'  these  initial  letters  will  be  found  entered 
alphabetically  in  the  appropriate  places  with  the  j's  of  the  alphabet,  rather  than  with  the  y’s. 


106 


The  published  lists  consist  of  brief  bibliographical  annotations.  As  a  rule,  each  annotation  is  given  in  the 
language  of  the  original.  The  abbreviated  name  of  die  language  is  given  in  parentheses  at  the  end  of  the  anno* 
ration.  Annotations  of  papers  published  in  one  of  the  five  c^ficial  languages  of  the  International  Union  (English, 
Spanish,  German,  Russian,  and  French)  are  given  without  indication  of  language.  Annotations  of  papers  in  lan¬ 
guages  which  use  neidier  the  Russian  nor  the  Latin  alphabet  are  translated  into  one  of  the  official  languages. 

Within  each  section  the  annotations  are  given  in  a  single  list  in  alphabetical  order  of  authors*  names.  The 
order  is  based  on  the  Latin  alphabet. 

A  system  of  abbreviations  is  used  in  order  to  save  space.  The  years  of  publication  are  not  given  because 
each  list  refers  to  one  year  which  is  given  in  die  heading.  The  titles  of  foreign  journals  are  abbreviated  in  ac¬ 
cordance  with  the  abbreviation  systems  used  in  Structure  Reports  (see  Vol.  13,  pp.  599-606  and  Vol.  15,  pp.  545- 
548)  and  Chemical  Abstracts  (see  Vol.  50,  pp.  lj-314j). 

In  titles  of  papers  in  German,  plurals  of  abbreviated  words  are  produced  by  repetition  of  the  last  letter,  for 
examples,  Eigg.-Eigenschaften,  Verbb.-Verbindungen,  etc.  The  ending  -isch  is  omitted  from  adjectives  sudi  as 
chemisch.  The  endings  -ung,  -ich,  -ig,  -ion  are  omitted;  the  endings  -keit  and  -heit  are  replaced  by  Ic  and  ^ 
Legier.-Legierung,  Leitfahigk-Leitfahigkeit.  In  compounds  words  each  component  may  be  abbreviated  as  an  in¬ 
dependent  word  and  hyphenated;  e.g.,  El.-beug.-Elektronebeugung.  Other  German  abbreviations  are  given  in 
the  list  below. 

In  English  titles  plurab  are  denoted  by  addition  of  the  plural  form^  to  the  abbreviation;  e.g.  fs  .-factors. 
Articles  are  omitted  from  English  titles;  the  remaining  abbreviations  are  listed  below. 

In  titles  which  are  in  French,  and  in  some  instances  in  other  languages,  words  of  similar  spelling  to  the  cor¬ 
responding  English  words  are  abbreviated  in  accordance  with  the  system  used  for  English  when  orthography  permits. 
In  addition,  the  following  French  abbreviations  are  used:  crist.-cristallographique,  e-electronique,  r.  X-rayons,X. 

All  the  abbreviated  forms  may  be  used  in  conjunction  with  prefixes  such  as  mono-,  unter-,Uber,  etc.;  e.g. 
intermet.=intermetallic;  Uberstr.=Uberstruktur. 

Omissions  of  individual  papers  are  obviously  inevitable.  The  Editorial  Board  hopes  eventually  to  remedy 
this  fault  and  will  be  grateful  to  authors  of  omitted  papers  if  they  would  send  the  titles  and  references  to  the 
Chairman  of  die  Commission  on  Crystal  Structure  Data  Dr.  W.  B.  Pearson  (Division  of  Pure  Physics,  National 
Research  Council,  Ottawa,  Canada),  or  to  the  editor  in  chief  of  these  lists  G.  B.  Bokii  at  the  address  of  Zhurnal 
Strukturnoi  Khimii. 


Abbreviations  of  English  Words 


A. —  and 

anal, —  analysis,  analytical 
arrgt. —  arrangement 
at. —  atomic 

char. —  characteristics,  characterization 

chem. —  chemical,  chemistry 

coef. —  coefficient 

compd. —  compound 

compn.  — composition 

const. —  constant 

dim. —  dimension,  dimensional 

dislocn. —  dislocation 

distribn. —  distribution 

e.  —  electron,  electronic 
clectr. —  electric,  electrical 
estn. —  estimation 

evapd —  evaporated 
examn. —  examination 
expan. —  expansion 
expt,—  experiment 
exptl. —  experimental 

f.  —  factor 

formn —  formation 
gr.—  group 

hex. —  hexagon,  hexagonal 
identfn.—  identification 
inorg. —  inorganic 


conslii. —  constitution 
coord. —  coordinate 
coordn. —  coordination 
cr. —  crystal,  crystalline 
crystallogr. —  crystallographic,  crystal 
lography 

crystzn.  —  crystallization 

cub.—  cubic 

detn. —  determination 

diffrn.  —diffraction 

opt. —  optics,  optical 

ord. —  ordered 

ord(^  —  ordering 

org. —  organic 

orthorh. —  orthorhombic 

par. —  parameter 

pat. —  pattern 

phys.—.  physical 

powd. —  powder,  powdered 

prepn. — preparation 

pres.—  pressure 

prop.—  property 

qual. —  qualitative 

quant. —  quantitative 

radn. —  radiation 

refl.—  reflection 

refnt. —  refinement 
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intorprctn.—  interpretation 
intnul. —  interiiK'diatc 
investn. —  investigation 
lat.—  lattice 

magn. —  magnet,  magnetic 
measrt  —  measurement 
mech. —  meclianical 
met. —  metal,  metallic 
micr.—  microscope,  microscopic,  mi' 
croscopy 
min. —  mineral 
moilifn. —  modification 
mol. —  molecule,  molecular 
monocl. —  monoclinic 
n. —  neutron 

nucl.—  nucleus,  nuclear 
obsn —  observation 


Abbreviations  of  German  Vtotdi 


Beob.—  Beobachtung 

Best. —  Bestimmung 

Darst. —  Darstellung 

d.—  dcr,  die,  das  usw.  (Artikcl) 

Diagr. —  Diagramme 

c.—  ein,  cine  usw.  (Artikel) 

Eig. —  Eigcnschaft 
Einfl.—  Einfluss 
El.—  EIcktron 
Geh.  —  Gehalt 
Git.—  Gitter 
Flerst  —  Herstellung 
Koef. —  Koeffizient 
Konst. —  Konstante 


rein.—  relation 

relnsh. —  relationship 

rhomboh. —  rhombohedral 

scatrg. —  scattering 

soln.  —  solution 

sp. —  space,  spacing 

str. —  structure,  structural 

snscept. —  susceptibility 

synth.—  synthesis,  synthetic 

syst.—  system,  systematic 

temp. —  temperature 

tetrag. —  tetragonal 

therm. —  thermal 

trans.—  transition,  transitional 

tricl.—  triclinic 

trig.—  trigonal 

u.  c. —  unit  cell 


krist. —  kristallini.sch 
Kr.-str.—  Kristallstruktur 
met.—  metallisch 
Meth.—  Methode 
Mikr.—  Mikro.skop 
inikr. —  mikroskopisch 
Str. —  Struktur 
Syst.—  System 
Temp. —  Temperatur 
u. —  und 

Unters. —  Untersuchung 
V.—  von,  vom 
Verb  —  Verbindung 
Verf.-  Verfahren 
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( Original  published  by  the  Academy  of  Sciences  USSR  Press) 


CONTEMPORARY  PROBLEMS  OF  METALLURGY  was 
selected  for  translation  into  English  by  the  Board  of  Governors  of 
Acta  Metallurgica  since  it  offers  Western  scientists  a  comprehensive 
review  of  the  most  significant  research  and  industrial  applications  in 
the  field  of  metallurgy  developed  in  the  Soviet  Union.  This  volume, 
in  addition  to  detailing  the  recent  Soviet  developments  in  this  held, 
contains  two  chapters  which  outline  achievements  in  China  and  in 
East  Germany. 

Soviet  advances  in  the  production  of  steel  and  pig  iron  are  discussed 
at  length.  Heat-resistant,  austitic,  and  stainless  steels  have  been  sub¬ 
jected  to  a  great  deal  of  research  in  the  USSR  and  data  on  various 
heat  treatments  and  their  effects  on  steel  structures  have  been  col¬ 
lected.  These  methods  and  the  many  others  detailed  in  this  book 
assure  its  value  to  all  Western  scientists  and  technologists  concerned 
with  metallurgical  problems. 
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THE  METALLURGY  OF  SEMICONDUCTORS 

by  Yu.  M.  Shashkov 
Translated  from  Russian 

(Original  published  by  the  State  Scientific-Technical  Press  for  Literature  on 
Ferrous  and  Non-Ferrous  Metallurgy,  Moscow) 

In  this  up-to-date  survey  of  semiconductor  metallurgy,  the  two  main  semiconductor 
materials  —  germanium  and  silicon  —  and  their  physical  and  chemical  properties  are 
discussed.  A  detailed  review  of  chemical  methods  of  purifying  these  elements  is  fol¬ 
lowed  by  a  description  of  metallurgical  methods  of  purification.  Partition  coefficients 
are  given  for  many  impurities  and  apparatus  used  in  purification  is  surveyed. 

Methods  of  growing  single  crystals  are  treated  in  an  excellent  chapter,  with  the  method 
related  to  the  type  of  defect  to  be  expected  in  the  finished  crystal.  Of  particular  interest 
is  a  discussion  of  alloying  and  doping. 

The  last  section  of  the  volume  deals  with  heat  treatment  and  diffusion  of  impurities, 
production  of  rectifiers  and  transistors,  and  methods  of  etching  crystals  and  finished 
devices. 

Technologists  concerned  with  industrial  processes  of  established  value,  as  well  as  grad¬ 
uate  students,  will  find  this  book  of  great  value.  The  293  references  provide  a  good  selec¬ 
tive  guide  to  the  existing  literature  on  the  subject. 
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